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Early transition metal compounds and their reactions have been widely 
used in catalysis and preparation of advanced materials such as metal oxides in 
microelectronic devices. Studies of the compounds and their reactions provide a 
fundamental understanding of chemistry of the compounds and are critical to 
their applications. This dissertation focuses on the following areas: (a) Reactions 
of Group 4 amide guanidinates with dioxygen or water; (b) Formation of a 
tantalum imide complex through an unusual α [alpha]-SiMe3 [trimethylsilyl] 
abstraction. Reactions of the amide guanidinates with either dioxygen or water 
yield products that are identified to be dimers and polymers of guanidinate oxo 
complexes based on NMR, IR and MS characterization. Reaction of 
(Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 [diamidozirconium diguanidinate] with 1.0 atm 
dioxygen at 80-105 C [degree Celsius] follows pseudo first-order kinetics: ∆H≠ 
[activation enthalpy] = 8.7(1.1) kcal/mol; ∆S≠ [activation entropy] = -54(3) eu; 
∆G≠358K [activation free energy] = 28(2) kcal/mol. Addition of a radical initiator, 
2,2’-azobis(2-methylpropionitrile), increases the reaction rate by almost six times. 
Zr(NMe2)2[
iPrNC(NMe2)N
iPr]2 and carbon tetrachloride undergo an amide-
chloride exchange, giving Zr(Cl)(NMe2)[
iPrNC(NMe2)N
iPr]2 





iPr]2 has also been 
prepared from the reaction of ZrCl(NMe2)3 [zirconium chloro triamide] with 2 
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equiv of diisopropyl carbodiimide. Ta(NMe2)4[N(SiMe3)2] [tantalum amide] has 
been found to undergo unusual elimination of Me3Si-NMe2 
[(trimethylsilyl)dimethylamine], converting the N(SiMe3)2 [bis(trimethylsilyl)amido] 
ligand to the =NSiMe3 [trimethylsilylimido] ligand in [Ta(NMe2)3(=NSiMe3)]2 
[hexakis(dimethylamido)bis(-trimethylsilylimido)]ditantalum]. The α-SiMe3 
abstraction at 70–110 C to give the imide follows first–order kinetics giving the 
activation parameters: ∆H≠ = 21.3(1.0) kcal/mol; ∆S≠ = -17(2) eu; ∆G≠343K = 27(2) 
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New materials are at the heart of current advances in microelectronic 
devices. A focus in inorganic and organometallic chemistry is the synthesis of 
metal oxides for use as the insulating layer in microelectronic devices. Scheme 
1.1 shows a transistor in a microprocessor. As electronic devices become 
smaller, the transistors inside need to become smaller as well. However, a 
problem arises when the insulating oxide layer gets too thin.1,2 The most common 
oxide in use is SiO2 due to its easy preparation from silicon wafers. 
Unfortunately, SiO2 has a low dielectric constant (k = 3.9), and thus it does not 
insulate well. As the layer thickness decreases to below 2 nm, the gate current 
leakage becomes unacceptably high, making it inadequate as a gate material.1 
Metal oxides such as HfO2 (k = 25) and Ta2O5 (k = 26) have been actively 
studied because of their high dielectric constants and their potential to form films 
of less than 2 nm in thickness with adequate insulation. The recent use of thinner 
and better insulating MOn allows the number of transistors on integrated circuits 
to increase, doubling approximately every two years as observed by Moore’s 
law.2 Chips using the MOn-based insulators are faster and smaller, and batteries 
in the new PCs, cellphones and tablet computers last longer. 
Reactions of d0 early transition metals complexes with oxygen or water 
have been employed to make microelectronic metal oxide (MOn) through 
chemical vapor deposition (CVD) or atomic layer deposition (ALD) processes 
(Scheme 1.2).1-3 Homoleptic amide and amide imide complexes have been used 










Ta(NMe2)5 + O2 Ta2O5 thin films
3b








Scheme 1.2. Synthesis of metal-oxide thin films. 
 
properties such as volatility, stability and decomposition characteristics for CVD 
and ALD processes. They are, however, very air sensitive and difficult to handle. 
Compounds with other ligands such as β-diketonate, cyclopentadienyl, and 
amidinato ligands have been prepared as precursors in part to make them less 
sensitive to air and easier to handle.4 
4 
 
Pathways to give microelectronic MOn through the reactions of d
0 
complexes with O2 are in general not well understood.
3a-c,4g,h In comparison, 
reactions of O2 with d
n middle and late transition metal complexes often involve 
metal oxidation and have been extensively investigated. For example, Theopold 
and coworkers have studied the reaction of a chromium “nacnac” (i.e., β-
diketiminate) complex with O2.
5 Magnesium reduction of [(iPr2Ph)2nacnacCr(µ-I)]2 
resulted in the formation of [(iPr2Ph)2nacnacCr]2(µ-N2). O2 was found to react with 
the Cr-dinitrogen complex to yield [(iPr2Ph)2nacnacCr](O)2 (Scheme 1.3). The 
formation of the mononuclear, d1 Cr(V) dioxo complex is a rare example of a 
four-electron oxidative addition of O2 to a single metal center.  
 
         
 





Another example is the study of Prokop and Goldberg on the direct 
conversion of a MnIII complex (TBP8Cz)Mn
III [TBP8Cz = octakis(p-tert-
butylphenyl)corrolazinato3-], in its reaction with O2 under visible light, to a Mn
V-
oxo complex (TBP8Cz)Mn
V(O) (Scheme 1.4).6 There are very few examples of 
reactions beginning with metalloporphyrins or other transition-metal complexes 
that show smooth conversion to well-defined high-valent terminal oxo complexes 




Scheme 1.4. Reaction of a MnIII complex with O2. 
 
 
d0 Complexes, with no d electrons, are expected to follow different 
pathways in their reactions with O2 (Scheme 1.5).
3a-c,4g,h These pathways are 
much less understood. Schwartz and coworkers have reported that (η5-
C5H5)2Zr(R)Cl (R = alkyl) complexes react with O2 under mild conditions.
7 Tilley 
has reported the formation of the siloxide (η5-C5H5)2Zr(OSiMe3)Cl from the 


















Scheme 1.5. Examples of the reactions between early transition metal 
complexes and O2. 
 
 
Our group has reported that the reactions of d0 amides M(NMe2)4 (M = Zr, 
Hf) with O2  yield unusual trinuclear oxo aminoxide complexes M3(NMe2)6(μ-
NMe2)3(μ3-O)(μ3-ONMe2) (M = Zr, Hf) in high yields (Scheme 1.6).
9 Density 
functional theory calculations revealed the mechanistic pathways in the reactions 
of model complexes Zr(NR2)4 (R = H, Me) and [Zr(NR2)4]2 (R = H, Me) with triplet 





Scheme 1.6. Reactions of Zr and Hf amides with O2.  
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Our group has also studied reactions of Group V amides with O2 (Scheme 
1.7).10 The reaction of Nb(NMe2)5 with O2 gives three complexes: monomeric 
(Me2N)nNb(η
2-ONMe2)5-n (n = 3, 4) and dimeric (Me2N)4Nb2[η
2-
N(Me)CH2NMe2]2(μ-O)2. Here anionic amide ligands undergo oxidation, yielding 
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Transition-metal guanidinate complexes have been actively studied in 
recent years for their unique chemistry and applications.11 Complexes containing 
ancillary guanidinate ligands are catalysts or pre-catalysts for a variety of 
reactions.11 Guanidinate complexes have also been used as CVD and ALD 
precursors to make microelectronic materials, as the presence of guanidinate 
ligands often makes the precursors more stable.4g,h Furthermore, it has been 
proposed that donation of the lone pair from the dialkylamido into the -system of 
the ligand could result in metal complexes being electron rich when compared to 
other ligands such as amidinates.11 
Guanidinate is a bidentate ligand, as are the N-containing amidinate and 
triazenate ligands. Earlier, the guanidinate ligand was the least studied of the 
three, in part because it was first thought to bind only in a mono-dentate 
manner.11 However, it was found later that guanidinate ligands could bind in a 
bidentate manner as well.11 Since then, different guanidinate complexes, 
including those of Groups 4, 5, and 6 metals, have been prepared and 
characterized. Bidentate anionic guanidinate ligands provide four electrons to the 
metal centers. Their zwitterionic resonance structures (Scheme 1.8) also 
contribute to the stability of the complexes. One example of the studies of 
guanidinate complexes for catalytic applications is the work of Arnold, Bergman 
and coworkers.12 They have prepared guanidinate complexes 
[(NiPr)2C(NMe2)]2ZrMe2 as precursors to cationic species such as 
{[(NiPr)2C(NMe2)]2ZrMe}
+[MeB(C6F5)3]
- which are potential catalysts for olefin 
polymerization. [(NiPr)2C(NMe2)]2ZrMe2 was prepared from the reaction of MeLi 
9 
 
with bis(guanidinato)zirconium dichloride [(NiPr)2C(NMe2)]2ZrCl2 (28), which was 
synthesized from insertion of 2 equiv of diisopropylcarbodiimide into the Zr-N 
















Devi and coworkers have prepared Zr and Hf amide guanidinate 
complexes as precursors in CVD of ZrO2 and HfO2 thin films.
4g-i For example, 
they have synthesized (MeEtN)2Zr[
iPrNC(NEtMe)NiPr]2 by partial replacement of 
amide ligands with bidentate guanidinate ligands (Scheme 1.10).4g 
Thermogravimetric and differential thermal analysis (TGA and DTA) showed that 
the Zr compound is thermally stable and could be sublimed quantitatively, 
rendering it promising for thin film growth in chemical vapor deposition (CVD) and 
atomic layer deposition (ALD). Using this precursor and O2 at lower growth 
temperatures, CVD of ZrO2 on Si(100) substrates with preferred orientation were 
obtained, and the films were almost carbon free. The preliminary electrical 






Scheme 1.10. Formation of a Zr amide guanidinate.4g 
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1.2. Current Dissertation 
This dissertation focuses on the following two chemistries: (a) Reactions 
of Group 4 amide guanidinates with O2 or H2O; (b) Formation of a Ta imide 
complex through an unusual elimination reaction. (R2N)2M[
iPrNC(NR2)N
iPr]2 [M = 
Zr, R = Me, 10; M = Zr, R = Et, 11; M = Hf, R = Me, 8) have been prepared by  
modified procedures. The reactions of (Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) with O2 
and H2O have been investigated, including kinetics of the reaction between 10 
and O2. In addition, the reaction of (Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) with CCl4 
has been found to lead to an NMe2-Cl exchange, giving 
Zr(Cl)(NMe2)[
iPrNC(NMe2)N
iPr]2 (27) and later ZrCl2[
iPrNC(NMe2)N
iPr]2 (28). We 
have also studied rarely observed elimination of Me3Si-NMe2 (31) from 
Ta(NMe2)4[N(SiMe3)2] (30), converting the amide N(SiMe3)2 ligand to the imide 
=NSiMe3 ligand. Kinetics of the α-SiMe3 abstraction in 30 has been investigated. 
 
1.2.1. Part 2 
Syntheses of (R2N)2Zr[
iPrNC(NR2)N





4i were reported earlier. They were prepared by 
modified procedures and characterized by NMR spectroscopies. 10 was 
synthesized by metathesis and insertion reactions (Scheme 1.11). Zr(NMe2)4 
reacts with either diisopropyl carbodiimide or the guanidine 12 to give 10. In the 
metathesis reaction, a proton in 12 abstracts an NMe2 ligand in Zr(NMe2)4 to 
release HNMe2. In the insertion reaction, the carbodiimide inserts into the Zr-





Scheme 1.11. Preparation of Zr amide guanidinates 10 and 11.  
 
 
HSQC and HMBC studies were conducted to confirm overlapping 13C NMR 
peaks in 11. 11 was also investigated by other 2-D NMR experiments. In addition 
to NMR spectroscopies, 10 and 11 were also characterized by elemental 
analysis. 
 
1.2.2. Part 3 
The reactions of the Zr and Hf amide guanidinates 8, 10 and 11 with both 
O2 and water have been studied. The products from these reactions were 
characterized by NMR and IR spectroscopies, mass spectrometry (MS), and GC-
MS. Detailed kinetics of the reaction between (Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) 
and O2 at 80-105 C has been studied. A specialized set-up was built for the 
kinetic study. Under a constant 1.0 atm O2 flow (and thus a constant O2 
concentration in the solution), the reaction follows pseudo first-order kinetics with 
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a half-life of 213(1) min at 85 C. The activation parameters are: ∆H≠ = 8.7(1.1) 
kcal/mol, ∆S≠ = -54(3) eu and ∆G≠358K = 28(2) kcal/mol. Addition of a radical 
initiator 2,2’-azobis(2-methylpropionitrile) (AIBN) increases the reaction rate with 
a half-life of 80.75(0.03) min which is almost six times faster than the predicted 
half-life of 453(1) min without AIBN. 
 
1.2.3. Part 4 
We have found that Zr(NMe2)2[
iPrNC(NMe2)N
iPr]2 (10) and CCl4 undergo 
an NMe2-Cl exchange, giving Zr(Cl)(NMe2)[
iPrNC(NMe2)N
iPr]2 (27) as an 
intermediate and later ZrCl2[
iPrNC(NMe2)N
iPr]2 (28).  
Zr(Cl)(NMe2)[
iPrNC(NMe2)N
iPr]2 (27) has not been reported before, and it has 
been independently prepared from the reaction of ZrCl(NMe2)3 with 2 equiv of 
iPr-N=C=N-iPr. 
These studies have been carried out to see if CCl4 could be used as a 
radical trap to probe the reaction of 10 with O2, which is expected to be radical in 
nature.  Since 10 does react with CCl4 through the NMe2-Cl exchange, the 
radical trap experiments were not carried out. 
 
1.2.4. Part 5 
The mixed amide Ta(NMe2)4[N(SiMe3)2] (30) has been found to undergo 
the elimination of Me3Si-NMe2 (31), converting the amide N(SiMe3)2 ligand to the 
imide =NSiMe3 ligand. Such abstraction of an α-SiMe3 group in an amide ligand 
by another amide ligand to yield an imide “Ta(NMe2)3(=NSiMe3)” (32) is rare. The 
14 
 
imide product is observed as its dimer [Ta(NMe2)3(=NSiMe3)]2 (33). Kinetics of 
the α-SiMe3 abstraction in 30 was investigated with a temperature range of 70–
110 C. The disappearance of this mixed amide follows first–order kinetics giving 
the activation parameters: ∆H≠ = 21.3(1.0) kcal/mol, ∆S≠ = -17(2) eu and ∆G≠343K 
= 27(2) kcal/mol. The crystal structure of the imide dimer 33 was also obtained.  
 
1.2.5. Part 6 
A summary of the work in this dissertation is discussed. Concluding 
remarks are given, highlighting the important findings of each part in the 
dissertation. The relevance of the parts and the relation of each part to the others 
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iPr]2 (R = Me, 10; R = Et, 11) and 
(Me2N)2Hf[
iPrNC(NMe2)N
iPr]2 (8) were reported earlier. They were prepared by 
modified procedures and characterized by NMR spectroscopies. 10 was 
synthesized by metathesis and insertion. Zr(NMe2)4 reacts with either diisopropyl 
carbodiimide iPr-N=C=N-iPr or the guanidine iPr-N(H)-C(NMe2)=N-
iPr (12) to give 
10. In the metathesis reaction, a proton in 12 abstracts an NMe2 ligand in 
Zr(NMe2)4 to release HNMe2. In the insertion reaction, the carbodiimide inserts 
into the Zr-amide bonds. 11 and 8 were prepared by the insertion reactions. 2-D 
NMR HSQC and HMBC studies were conducted to confirm overlapping 13C NMR 
peaks in 11. 11 was also investigated by other 2-D NMR experiments. In addition 














2.1. Introduction  
Early transition metal complexes with nitrogen-containing ligands are 
currently studied as precursors to metal oxide thin films in chemical vapor 
deposition (CVD) and atomic layer deposition (ALD) processes.1-14 These 
complexes often contain metals with no valence electrons. Their reactions with 
O2, an oxidant, are different from those of late transition metal complexes 
containing d electrons. Earlier studies of the reactions between O2 and early 
transition metals complexes15 focused on O insertion into Zr-Si in 
Cp2Zr(SiMe3)Cl,





15e In addition, a bisperoxo 
complex was isolated as a product in the reaction of O2 with a Zr(IV) complex 
containing redox-active bis(enediamide) ligands.16 Reaction between O2 and 
(ONHO)ZrCl2(THF) with a redox active, H
+-containing ligand {[ONOcat]3- = 
bis(3,5-di-t-butyl-2-phenoxy)amide} showed that the ligand served as both an 
electron and H+ donor.17 O2 has also been used in the preparation of d
0 
complexes. For example, d0 Mo(NMe2)6 was prepared from d
2 Mo(NMe2)4 and 
O2.
18 Adventitious O2 was believed to play a role here in the preparation of d
0 
complexes from d1 or d2 starting materials. Other reports include rapid 
autoxidation of M(CH2R)4 by O2.
19 Our recent studies of the reactions between d0 
complexes and O2 have revealed unusual reactivities with surprising findings.
10-12 
We have reported that the reactions of M(NMe2)4 (M = Zr, Hf) with O2 give 
unusual oxo aminoxides M3(NMe2)6(µ-NMe2)3(µ3-O)(µ3-ONMe2) and Me2NNMe2 
(Scheme 2.1).12 The studies have been conducted in part to probe the pathways 
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in the formation of metal oxides, as Groups 4 and 5 homoleptic amide complexes 
M(NR2)n are widely used as precursors for MOn. The studies are also intended to 
understand air-sensitivity of early transition metals complexes, in particular, the 
role of O2 in the conversion of the complexes. Density functional theory (DFT) 
studies reveal that the reactions are radical in nature. These studies were started 
after we prepared TiO2 thin films from Ti(NMe2)4 and O2 through a CVD 
process.20 
Our group has also studied the reactions between M(NMe2)5 (M = Nb, Ta) 
and O2 that yield several isolable products.
10,11 Three products from the reaction 








Scheme 2.2. Reaction of Nb(NMe2)5 with O2. 
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in the formation of the products that include O2 insertion into a M-N bond in 
M(NMe2)5 to give a peroxide ligand. 
Transition-metal guanidinate complexes have been actively studied in 
recent years for their unique chemistry and applications.1-7,21-23 Complexes 
containing ancillary guanidinate ligands are catalysts or pre-catalysts for a variety 
of reactions.21 In chemical vapor deposition (CVD) and atomic layer deposition 
(ALD) processes, homoleptic Groups 4 and 5 amide complexes M(NR2)n have 
been used as precursors to give metal-based materials, as indicated earlier.24 
These amide complexes are very oxygen and moisture sensitive, and difficult to 
handle.24 The introduction of ancillary ligands such as guanidinates often leads to 
more stable complexes, making guanidinate complexes among the actively 
studied CVD/ALD precursors.1-7,9,23 Guanidinate is a bidentate ligand (Figure 
2.1), as are the N-containing amidinate25 and triazenate26 ligands (Figure 2.1). 
Earlier, the guanidinate ligand was the least studied of the three, in part because 
it was first thought to bind only in a monodentate manner.27 However, it was 
found later that guanidinate ligands bind in a bidentate manner as well.28,29 Since 
then, studies have been conducted to synthesize different complexes with 
guanidinate ligands, including those of Groups 4,4,6,7,23b,d,29 5,1-3,30 and 631-33 
metals. As shown in Figure 2.2, bidentate anionic guanidinate ligands provide 
four electrons to the metal centers. Their zwitterionic resonance structures34 also 
contribute to the stability of the complexes. 
Our group has also studied the preparation of a series of Zr guanidinate 
amide complexes through both insertion of carbodiimide Cy-N=C=N-Cy into Zr-
23 
 
NMe2 bonds (Scheme 2.3) and through metathesis reactions between the 
guanidine Cy-N(H)-C(NMe2)=N-Cy (7) and amide complexes with elimination of 
HNMe2 (Scheme 2.4).
22 6 was prepared earlier by Lappert and coworkers 
through a di-insertion reaction between Zr(NMe2)4 and Cy-N=C=N-Cy.
35 In the 
insertion reactions, only one equiv of Cy-N=C=N-Cy inserts into a Zr-NMe2 bond 
in 1 and 3 to form 2 and 4, respectively. There is no insertion into the Zr-
N(SiMe3)2 bond in 1 or the Zr-Si(SiMe3)3 bond in 3, although the {CyN-
C[N(SiMe3)2]=NCy}¯ ligand is known and the insertion into M-N(SiMe3)2 bonds 
has been reported.22 The aminolysis between 1 and Cy-N(H)-C(NMe2)=N-Cy (7, 
Scheme 2.6) gives the same product (2) as that from the insertion of Cy-N=C=N-
Cy into 1. The N(SiMe3)2 ligand in 1 does not undergo the aminolysis, indicating it 
is more inert (and perhaps less basic) than the NMe2 ligands in 1. The aminolysis 
of 3 gives 5, wherein the Si(SiMe3)3 ligand in 3 is removed by a proton in Cy-
N(H)-C(NMe2)=N-Cy (7). In comparison, the insertion reaction of 3 with Cy-
N=C=N-Cy gives 4 where the Si(SiMe3)3 ligand is retained (Scheme 2.3). It is 














































































































Scheme 2.4. Preparation of 4-6 through aminolysis.
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Cy-N=C=N-Cy unavoidably gives a mixture of 5 and 6 (Scheme 2.3). However, 
the aminolysis of Zr(NMe2)4 by 1 equiv of Cy-N(H)-C(NMe2)=N-Cy (7) yields only 
5 (and HNMe2, Scheme 2.4). The reaction of another equiv of the guanidine with 
5 gives 6. Thus the aminolysis here demonstrates an advantage over the 
insertion - It gives a pure product rather than a mixture. 
(R2N)2Zr[
iPrNC(NR2)N





4b were synthesized and characterized earlier by 
Devi et al. We have prepared them by modified procedures to study their 
reactions in Part 3. 10 was synthesized through direct insertion of iPr-N=C=N-iPr 
into Zr(NMe2)4 or metathesis between 
iPr-N(H)-C(NMe2)=N-
iPr (12) and 
Zr(NMe2)4. 11 and 8 were prepared by insertion reactions between 
iPr-N=C=N-iPr 
and M(NR2)4 (M = Zr, R = Et; M = Hf, R = Me). 10, 11 and 8 have been 
characterized by NMR spectroscopies and elemental analyses (for 10 and 11). 
For 11, 2-D NMR studies have been performed to identify overlapping peaks in 
the 13C{1H} NMR spectrum. 
 
2.2. Results and Discussion 





iPr]2 (10) was initially prepared through the 
metathesis reaction of Zr(NMe2)4 with guanidine 
iPr-N(H)-C(NMe2)=N-
iPr (12). 
Guanidines are usually prepared by the reaction of an amine with an electrophilic 
guanylating reagent36 and by catalytic hydroamination of carbodiimides37 and 
transamination.37b,38 In the current work, 12 was prepared, following a literature 
28 
 
procedure,39 from the reaction of LiNMe2 with carbodiimide 
iPr-N=C=N-iPr to give 
Li[iPr-NC(NMe2)=N-
iPr], followed by acidification with H2O. 12 (2 equiv) was then 
added to a solution of Zr(NMe2)4 in pentane at 23 C. Two NMe2 ligands in 
Zr(NMe2)4 capture two protons in two molecules of 12 to give HNMe2 and 10. 
Although this reaction gives cleanly 10, it requires the prior synthesis of 2 equiv 
of guanidine 12 from LiNMe2, and loses two equiv of HNMe2 in the reaction. 
In an alternate route, two equiv of iPr-N=C=N-iPr were added dropwise to 
Zr(NMe2)4 in pentane at 23 C by a procedure similar to that in hexane which 
Devi et al. used.4a Insertion of the carbodiimide into two Zr-NMe2 bonds led to the 
formation of 10. After removing the volatiles in vacuo, the product was isolated as 
a light colored sticky solid. Although our earlier work showed the reaction of 
Zr(NMe2)4 with 1 equiv of Cy-N=C=N-Cy, a different carbodiimide, gave a mixture 
of mono and di-inserted products 5 and 6 (Scheme 2.3), we did not observe the 
formation of either mono- or tri-inserted product in the current work. In fact, NMR 
characterization of the solid product obtained from the insertion reaction, without 
further purification, showed it was pure 10, and the solid product passed the 
elemental analysis. Perhaps the tri-insertion is difficult for 10 which is already 6-
coordinated and, if d-p  bonds are included, contains 18 electrons. In other 
words, conversion of one more amide NMe2 ligands in 10 into a third guanidinate 
ligand is both sterically and electronically not favored. In the current case, the 
insertion is a simple, direct, one-step process with no other products, in 
comparison to the metathesis reaction. Thus, other di-guanidinate compounds in 






Scheme 2.5. Preparation of Zr amide guanidinates 10 and 11.  
 
 
The NMR spectra of 10 in benzene-d6 were reported earlier.
4a We have 
also characterized 10 by NMR. In 1H NMR in toluene-d8 at 25 C, it showed a 
doublet at 1.25-1.26 ppm for the CHMe2 groups. A multiplet was observed at 
3.63 ppm for the -CH atoms on the CHMe2 group. A singlet at 2.56 ppm was 
observed for the C-NMe2 groups on the two 
iPr-NC(NMe2)N-
iPr ligands. A singlet 
at 3.27 ppm was observed for the two -NMe2 ligands in 10. These observations 
suggest that 10 undergoes a rapid exchange by the Bailar twist mechanism.40 At 
room temperature, two enantiomers interconvert rapidly on the NMR time scale 
via a trigonal-prismatic intermediate (Scheme 2.6), where all the iPr groups are 
equivalent. Similar exchanges involving Zr[Cy-NC(Me)N-Cy]2(NR2)2 (R = Me, Et), 
amidinate analogs of 10, have been studied using variable-temperature NMR 











































Scheme 2.6. Bailar twist mechanism for the exchange in 10. 
 
 
 The 13C{1H} NMR spectrum of 10 in toluene-d8 at 25 C showed the 
CHMe2 peak at 25.68 ppm. The NMe2 groups on the guanidinate ligands 
iPr-
NC(NMe2)N-
iPr were observed at 40.39 ppm. The CHMe2 on the isopropyl group 
appeared at 47.53 ppm. The NMe2 ligands (on the Zr center) were observed at 
47.63 ppm. The quaternary C-NMe2 was observed at 172.62 ppm.  These 
observations are consistent with the dynamic exchange in 10. 
These assignments were confirmed with an HMQC (Heteronuclear 
Multiple-Quantum Correlation) experiment. The HMQC spectrum showed a cross 
peak at 1.28 (1H),25.30 (13C) ppm for the methyl groups on CHMe2. A cross peak 
at 2.51 (1H),39.95 (13C) ppm was observed for C-NMe2 in the 
iPr-NC(NMe2)N-
iPr 
ligands. Another cross peak at 3.32 (1H),47.17 (13C) ppm was assigned to the Zr-
NMe2 ligands. Finally the cross peak at 3.63 (
1H),47.05 (13C) ppm was observed 
for the CH moiety in the isopropyl group. 
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2.2.2. Preparation and Characterization of (Me2N)2Hf[
iPrNC(NMe2)N
iPr]2 (8) 
 8 was prepared by a modified method of Devi and coworkers4b and 
characterized by 1H and 13C{1H} NMR spectroscopies. Two equiv of iPr-N=C=N-
iPr in pentane was added dropwise to a solution of Hf(NMe2)4 in pentane at 23 C 
with continuous stirring. Removing the volatiles in vacuo gave the product 8 as 
an off–white solid. NMR characterization showed that the solid, without further 
purification, was pure. 
1H NMR (80 C) and 13C{1H} NMR (room temperature) spectra have been 
reported for 8 in toluene-d8.
4b We have taken its NMR spectra in benzene–d6 at 
25 C, and the following features are noteworthy. A broad doublet at 1.27 ppm for 
the CHMe2 group and a broad multiplet at 3.77 ppm for CHMe2 in the 
1H NMR 
spectrum are observed. In the 13C{1H} NMR spectrum of 8, the two peaks at 
25.27 and 46.81 ppm for CHMe2 and CHMe2 atoms, respectively, are both broad 
as well. The observations suggest that an exchange, through the Bailar twist 
mechanism as that in the Zr analog 10 (Scheme 2.6), may be slower for 8. Devi 
et al. reported that, at 80 C, a doublet at 1.23 ppm for CHMe2 and a septet at 
3.77 ppm for CHMe2 were observed in the 
1H NMR spectrum of 8 in toluene-d8.
4b 
 
2.2.3. Preparation and Characterization of (Et2N)2Zr[
iPrNC(NEt2)N
iPr]2 (11) 
11 is a diethylamide derivative with two iPr-NC(NEt2)N-
iPr ligands which 
are different from those in 8 and 10 in that they contain NEt2 and NMe2 groups, 
respectively. Devi and coworkers reported its synthesis and VT NMR spectra.4a A 










11 was prepared by the addition of two equiv of iPr-N=C=N-iPr to Zr(NEt2)4 in 
pentane. The volatiles were removed in vacuo, and the product was isolated as a 
yellow–brown sticky solid. NMR characterization showed that the solid of 11, 
without further purification, was pure, and it passed the elemental analysis. 
An analysis of the structure of 11 reveals that there are four diastereotopic 
centers in the compound, and these are shown in Figure 2.3. Devi and coworkers 




4b as well as the four diastereotopic centers in 9.4b 
The 1H NMR spectrum of 11 in benzene–d6 is given in Figure 2.4. The methyl 
moieties of the C-N(CHAHBCH3)2 group in the guanidinate ligand and of the Zr-
N(CHCHDCH3)2 ligands were observed as triplets at 0.91 and 1.15 ppm, 
respectively. Four sets of doublets appeared for the isopropyl groups CHMeEMeF 
and CHMeGMeH. The CHAHB atoms in C-N(CHAHBCH3)2 on the guanidinate 
ligands were observed as a broad peak at 2.90–2.98 ppm. Devi and coworkers 
conducted variable-temperature 1H NMR studies of both 114a and its Hf analog 
9.4b Their spectra of both complexes at or near room temperature also showed 
broad peaks for the H atoms. At -60 to ca. +40 C, diastereotopic HA,HB were 
observed in the Hf complex 9.4b At +80 C, the HA,HB peaks overlap. The 
corresponding diastereotopic HA,HB peaks in the current Zr complex 11
4a (Figure 
2.4) are similar to those of the Hf analog 9 that Devi and coworkers studied.4b  
The exchange of HA,HB was observed in the EXSY spectroscopy of 11, as 
discussed below. Our VT NMR study of 11 between 303 and 278 K in Figure 2.5 



















































NMR spectra clearly illustrate this exchange. The CHMe2 atoms in the Zr 
complex 11 were observed as a multiplet at 3.65 ppm. The multiplet at 3.80 ppm 
was attributed to the Zr-N(CHCHDMe)2 groups. 
The 13C{1H} NMR spectrum (Figure 2.6) showed an overlapping peak at 
13.90 ppm assigned to Zr-N(CH2CH3)2 and C-N(CH2CH3)2. Four individual peaks 
were observed at 24.27–26.34 ppm for CHMeEMeF and CHMeGMeH. Another 
overlapping peak at 42.61 ppm was assigned to Zr-N(CH2Me)2 and C-
N(CH2CH3)2. Two peaks at 47.50 and 47.92 ppm were assigned to CHMe2. The 
peak at 171.68 ppm was assigned to C-NEt2. These assignments were confirmed 
with HSQC (Figure 2.7) and HMBC experiments. 




1H,1H) COSY (Correlation 
Spectroscopy, Figure 2.8) spectrum shows a correlation between the CH3 and 
the CH atoms on the CHMe2 groups at 1.46,3.67 and 1.41,3.66 ppm as well as at 
1.29,3.64 and 1.21,3.64 ppm. COSY also shows a coupling between the CH2 
and CH3 atoms in the C-N(CH2CH3)2 group. Another correlation is due to the 
coupling between the CH2 and CH3 atoms in the Zr-N(CH2CH3)2 ligands. HMBC 
(Heteronuclear multiple-bond correlation spectroscopy) experiment was also 
conducted. This experiment detects heteronuclear correlations over longer 
ranges (2-4 bonds). It is another technique to ascertain the NMR assignments in 
a complex. For 11, a correlation was clearly observed between CHMe2 and C-
N(CH2CH3)2 groups at 3.66,171.69 ppm. Another noteworthy correlation was 


























































































NOESY (Nuclear Overhauser Effect Spectroscopy) and EXSY (Exchange 
Spectroscopy) were conducted as well to confirm structural properties of 11. 
EXSY peaks were observed at 2.98,2.89 ppm (Figure 2.8), indicating an 
exchange interaction between the HA and HB atoms of the C-N(CHAHBCH3)2 
group, confirming that the broad feature of their 1H NMR spectrum (Figure 2.4) is 
indeed the result of the C-NEt2 bond rotation in the 
iPr-NC(NEt2)N-
iPr ligand at 23 
C. NOESY peaks, which indicate spacial closeness of the corresponding peaks, 
were observed between the Zr-N(CH2CH3)2 and CHMe2 groups at 3.83,1.41 and 
3.78,1.45 ppm, respectively. This observation indicates, perhaps not surprisingly, 
that the Zr-NEt2 ligands are in close proximity to the methyl groups of the 
iPr 
groups on the iPr-NC(NEt2)N-
iPr ligands. The other notable NOESY peak is at 
0.91,3.65 ppm, as a result of closeness of the methyl groups on C-N(CH2CH3)2 
and the iPr groups on the guanidinate ligands. The methyl groups on the iPr 
groups were also observed exchanging with each other as there were 
correlations among them. The CHMeEMeF shows a strong NOESY peak with the 
C-N(CH2Me)2 at 1.21,0.91 ppm. The CHMeEMeF shows a weak NOESY peak 
with the C-N(CH2Me)2 at 1.28,0.91 ppm. In addition both CHMeEMeF groups 
show a NOESY peak with the C-N(CH2Me)2 atoms at 1.21,2.98 and 1.28,2.98 
ppm, respectively. The CHMeGMeH shows a strong NOESY peak with the Zr-
N(CH2Me)2 and Zr-N(CH2Me)2 at 1.41,3.80 ppm and 1.41,1.15 ppm, respectively. 
Similarly, the CHMeGMeH shows a weaker NOESY peak with Zr-N(CH2Me)2 and 
Zr-N(CH2Me)2 at 1.45,3.80 and 1.45,1.15 ppm, respectively. In addition, 











































































1.45,2.98 ppm. The CHMeGMeH in contrast shows a weak NOESY peak with C-
N(CH2Me)2 at 1.41,2.98 ppm. This NOESY spectrum analysis supports our 
assignment of the MeE, MeF, MeG, MeH groups as shown in Figure 2.3. This 






2.3. Concluding Remarks 
In this part, modified synthesis and characterization of Group 4 amide 
guanidinates are presented. (Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) was prepared via 
two different routes: metathesis and insertion. In the metathesis, a proton 
abstracts an amide ligand to release HNMe2. In the insertion reaction, 
carbodiimide inserts into the Zr-amide bonds. 10 was characterized by 1H and 
13C{1H} NMR spectroscopies and elemental analysis. 
(Me2N)2Hf[
iPrNC(NMe2)N
iPr]2 (8) was prepared via the insertion route. 
(Et2N)2Zr[
iPrNC(NEt2)N
iPr]2 (11) was also synthesized via the insertion route, and 
characterized by 1H and 13C{1H} NMR spectroscopies and elemental analysis. 
The assignment of the 13C peaks in 11 was confirmed by HSQC and HMBC. 11 
was further characterized by COSY, NOESY, and EXSY. 10, 11 and 8 have been 
prepared to study their reactivities towards O2 and water, subjects to be 




2.4. Experimental Section 
All manipulations were performed under a dry nitrogen atmosphere with 
the use of either a drybox or standard Schlenk techniques. All solvents were 
dried over K/benzophenone, distilled, and stored under nitrogen. Benzene-d6 
was dried over activated molecular sieves and stored under nitrogen. ZrCl4 
(Strem) and HfCl4 (Strem) were sublimed before use. LiNMe2 (Aldrich) and 
iPrN=C=NiPr (Acros) were used as received. LiNEt2 was obtained by addition of 
nBuLi to HNEt2 in hexanes and then removal of volatiles. NMR spectra were 
recorded on a Varian 500 MHz spectrometer and were referenced to solvents. 
Elemental analyses were conducted via Complete Analysis Laboratories, Inc., 
Parsippany, NJ. iPr-N(H)-C(NMe2)=N-
iPr (12) was prepared via the reaction of 
LiNMe2 with 
iPr-N=C=N-iPr followed by addition of degassed water.39 
 
2.4.1. Preparation of (Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) 
Preparation via Metathesis. A solution of iPr-N(H)-C(NMe2)=N-
iPr (12, 
1.2957 g, 7.565 mmol) in pentane was added dropwise to a solution of Zr(NMe2)4 
(1.0107 g, 3.782 mmol) in pentane with stirring. The mixture was stirred 
overnight. Volatiles were then removed in vacuo to give a yellow solid of 10 
(isolated solid: 1.19 g, 2.29 mmol, 61% yield). 
Preparation via Insertion. 8 was prepared by a procedure similar to that 
reported by Devi et al.4a iPr-N=C=N-iPr (0.7005 g, 5.551 mmol) in pentane (20 
mL) was added dropwise to freshly sublimed Zr(NMe2)4 (0.7416 g, 2.775 mmol) 
in pentane (35 mL) at 23 C. After stirring for 6 h, volatiles were removed in 
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vacuo to give a yellow solid of 10 (isolated: 0.96 g, 1.849 mmol, 67% yield). 1H 
NMR spectrum of the solid revealed that the solid was adequately pure. The solid 
was used directly in the elemental analysis. 1H NMR (benzene–d6, 499.7 MHz, 25 
C) δ 3.64 (m, 4H, CHMe2), 3.29 (s, 12H, Zr-NMe2), 2.54 (s, 12H, C-NMe2), 1.26 
(d, 24H, 3JH-H = 6.46 Hz CHMe2); 
13C{1H} NMR (benzene–d6, 125 MHz, 25
 C) δ 
172.19 (C-NMe2), 47.10 (CHMe2), 47.21 (Zr-NMe2), 40.04 (C-NMe2), 25.28 
(CHMe2). 
1H NMR (toluene–d8, 499.7 MHz, 25 C) δ 3.63 (m, 4H, CHMe2), 3.27 
(s, 12H, Zr-NMe2), 2.56 (s, 12H, C-NMe2), 1.25-1.26 (d, 24H, CHMe2); 
13C{1H} 
NMR (toluene–d8, 125 MHz, 25
 C) δ 172.62 (C-NMe2), 47.53 (CHMe2), 47.63 
(Zr-NMe2), 40.39 (C-NMe2), 25.68 (CHMe2). Anal. Calcd for	 C22H52N8Zr: C, 
50.82; H, 10.08; N, 21.55. Found: C, 50.65; H, 10.06; N, 21.45. 
 
2.4.2. Preparation of (Me2N)2Hf[
iPrNC(NMe2)N
iPr]2 (8) 
8 was prepared by a procedure similar to that reported by Devi et al.4b iPr-
N=C=N-iPr (0.4619 g, 3.660 mmol) in pentane (20 mL) was added to freshly 
sublimed Hf(NMe2)4 (0.6487 g, 1.830 mmol) in pentane (35 mL) at 23 C. After 
stirring for 6 h, volatiles were removed in vacuo to give the crude product of 8 as 
a white solid (isolated: 0.7310 g, 1.145 mmol, 66% yield). 1H NMR (benzene–d6, 
499.7 MHz, 25 C) δ 3.77 (br, 4H, CHMe2), 3.39 (s, 12H, Hf-NMe2), 2.52 (s, 12H, 
C-NMe2), 1.28 (br, 24H, CHMe2); 
13C{1H} NMR (benzene–d6, 125 MHz, 25
 C) δ 





2.4.3. Preparation of Zr(NEt2)4 
Zr(NEt2)4 was prepared by a modified reported procedure.
41,42 ZrCl4 (2.00 
g, 8.58 mmol) was stirred in THF at 23 C for 15 h, and the solution was then 
cooled to -78 C. LiNEt2 (2.712 g, 34.3 mmol) in THF at 23 C was added 
dropwise to the ZrCl4 solution at -78 C. The solution was then slowly warmed to 
23 C overnight. THF was removed in vacuo. The residue was extracted with 
pentane and filtered. Removing pentane in vacuo, followed by vacuum transfer, 
gave Zr(NEt2)4 (1.233 g, 3.252 mmol, 38% yield) as a yellow liquid. 
 
2.4.4. Preparation of (Et2N)2Zr[
iPrNC(NEt2)N
iPr]2 (11) 
iPr-N=C=N-iPr (0.1928 g, 1.528 mmol) in pentane (20 mL) was added 
dropwise to a solution of Zr(NEt2)4 (0.2896 g, 0.7637 mmol) in pentane (20 mL). 
After stirring for 6 h, volatiles were removed in vacuo to give the crude product of 
11 (0.281 g, 0.4445 mmol, 58%) as a yellow brown solid. 1H NMR (benzene–d6, 
499.7 MHz, 25 C) δ 3.80 [m, 8H, Zr-N(CH2CH3)2], 3.66 (m, 4H, CHMe2), 2.90-
2.98 [m, 8H, C-N(CH2CH3)2], 1.45 (d, 6H, 
3JH-H = 6.58 Hz, CHMe2), 1.41 (d, 6H, 
3JH-H = 6.55 Hz, CHMe2), 1.28 (d, 6H, 
3JH-H = 6.43 Hz, CHMe2), 1.21 (d, 6H, 
3JH-H 
= 6.49 Hz, CHMe2), 1.15 [t, 12H, 
3JH-H = 6.91 Hz, ZrN(CH2CH3)2], 0.91 [t, 12H, 
3JH-H = 6.96 Hz, C-N(CH2CH3)2]. 
13C{1H} NMR (benzene–d6, 125 MHz, 25
 C) δ 
171.68 (C-NEt2), 47.92-47.50 (CHMe2), 42.61 [C-N(CH2CH3)2 and Zr-
N(CH2CH3)2], 24.27-26.34 (CHMe2), 13.90 [C-N(CH2CH3)2 and Zr-N(CH2CH3)2]. 
Anal. Calcd for C30H68N8Zr: C, 56.98; H, 10.86; N, 17.73. Found: C, 56.89; H, 
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Reactivities of Group 4 Amide Guanidinates towards Dioxygen 
and Water. Investigations of the Reactions and Kinetic Studies 














The reactions of the Zr and Hf amide guanidinates 8, 10 and 11 with both 
O2 and water have been studied. The products from these reactions were 
characterized by NMR and IR spectroscopies, mass spectrometry (MS), and GC-
MS. Detailed kinetics of the reaction between (Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) 
and O2 at 80-105 C has been studied. A specialized set-up was built for the 
kinetic study. Under a constant 1.0 atm O2 flow (and thus a constant O2 
concentration in the solution), the reaction follows pseudo first-order kinetics with 
a half-life of 213(1) min at 85 C. The activation parameters are: ∆H≠ = 8.7(1.1) 
kcal/mol, ∆S≠ = -54(3) eu and ∆G≠358K = 28(2) kcal/mol. Addition of a radical 
initiator 2,2’-azobis(2-methylpropionitrile) (AIBN) increases the reaction rate with 
a half-life of 80.75(0.03) min which is almost six times faster than the predicted 




Many early transition metal complexes are sensitive to O2 and H2O, and 
they are usually handled under inert atmosphere. Reactions of d0 complexes with 
O2 or H2O have recently been used to make metal oxides as a new generation of 
microelectronic insulating materials through chemical vapor deposition (CVD) 
and atomic layer deposition (ALD) processes.1-5 Thinner and better-insulating 
metal oxides make the chips faster and smaller, and batteries in, e.g., PCs, 
cellphones, and tablets last longer. A HfO2-based chip is now being tested in new 
iPad 2 and Apple Smart TV. CVD and ALD have been used extensively to make 
metal oxide thin films through reactions of O2 or H2O with d
0 complexes such as 
amides3 and imides.5a Although CVD reactions have been investigated, much 
about these reactions is not well understood. The complexes with no valence d 
electrons (d0) show reactivities towards O2 different from those of late transition 
metal complexes (dn, with valence d electrons). Since O2 is a diradical, many of 
its reactions are radical in nature. 
Groups 4 and 5 homoleptic amides M(NR2)n are widely used as 
precursors for metal oxides.3,4e,f An understanding of the reactivities of M(NR2)n 
toward O2/H2O not only helps design better precursors but also assists in 
identifying and removing impurities to give high-purity CVD/ALD precursors. In 
our group’s previous work, CVD of TiO2 thin films was achieved using the 
reaction between Ti(NMe2)4 and O2.
6 Reactions of M(NMe2)4 (M = Zr, Hf) with O2 
showed that they gave unusual aminoxides M3(NMe2)6(µ-NMe2)3(µ3-O)(µ3-
ONMe2) and Me2NNMe2.
7 Reactions of M(NR2)5 (M = Nb, Ta; R = Me, Et) and O2 
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were also studied.8,9 The products isolated are shown in Scheme 3.1. DFT 
studies of the reactions between O2 and Ta(NMe2)5 are presented in Scheme 
3.2. Insertion of O2 into a Ta-N bond is the key step in this reaction. It is 
interesting to note that the reactions of O2 with diethylamide Nb(NEt2)5 yielded an 
insoluble solid (Scheme 3.3), unlike molecular products from the reactions of the 
dimethylamide analog Nb(NMe2)5.
8.9 Nb(NEt2)5 has a distorted trigonal 
bipyramidal geometry whereas Nb(NMe2)5 has a square pyramidal geometry 
(Scheme 3.3). This is attributed to the steric crowdedness of the Et groups in 
Nb(NEt2)5 and the difference in its reactivities to O2.
8 
Although homoleptic Groups 4 and 5 amide complexes M(NR2)n have 
been used as precursors to give metal-based materials in CVD and ALD 
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Scheme 3.3. Reactions of O2 with Nb(NR2)5 (R = Me, Et).
8 
 
handle. Ancillary ligands such as guanidinates have thus been used to make 
precursor compounds more stable.10 As shown in Figures 2.1 and 2.2, bidentate 
anionic guanidinate ligands provide at least four electrons to the metal centers, 
and their zwitterionic resonance structures11 also contribute to the stability of the 
complexes. In Part 2, our synthesis and characterization of the Zr guanidinate 
amides (R2N)2Zr[
iPrNC(NR2)N
iPr]2 (R = Me, 10; Et, 11) and Hf guanidinate 
(Me2N)2Hf[
iPrNC(NMe2)N
iPr]2 (8) are reported. We have studied the reactions of 
the guanidinate amide 10 with O2 and H2O, and the reactions of 8 and 11 with 
O2. The products have been characterized. Kinetics of the reaction between 
(Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) with O2 has been investigated, yielding rate 




3.2. Results and Discussion 
3.2.1. Reaction of (Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) with O2 
The Zr guanidinate amide complex 10 has been found to react with O2 
slowly even at 70 C. 1H NMR monitoring showed that it took ca. 44 h to 
complete the reaction of 10 with 1 atm of O2 in benzene–d6 at 70 C. In the 
process, the peak of 10 gradually decreased. In solution, organic products 
HNMe2 and CH2(NMe2)2 (24) were observed in the 
1H and 13C{1H} NMR spectra 
(Figures 3.1 and 3.2). The soluble, Zr-containing product was identified to be 
{Zr(-O)[iPrNC(NMe2)NiPr]2}2 (14), the dimer of the oxo compound Zr(-
O)[iPrNC(NMe2)N
iPr]2 (13). An insoluble product precipitated from the solution, 
which was identified to be {Zr(-O)[iPrNC(NMe2)NiPr]2}n (15), the polymer of the 
oxo product Zr(-O)[iPrNC(NMe2)NiPr]2 (13) (Scheme 3.4). Structures of both the 
dimer and polymer, based on their NMR spectra, are shown in Scheme 3.4. As 
the reaction progressed, more precipitate formed, although the peaks of the 
dimer {Zr(-O)[iPrNC(NMe2)NiPr]2}2 (14) stayed at about the same intensity. 
The 1H NMR spectrum of the dimer 14 shows two doublets at 0.885 and 
1.24 ppm for the methyl groups in the isopropyl moieties on the guanidinate iPr-
NC(NMe2)N-
iPr ligand. The singlet at 2.64 ppm is assigned to the C-NMe2 methyl 
groups in the guanidinate ligand. The CHMe2 atoms in the isopropyl moieties 
appear as a multiplet at 3.30 ppm. These observations, suggesting that the two 
guanidinate ligands are chemically equivalent and that there are two 
environments for the isopropyl groups on the guanidinate ligands, are consistent 
with the structure of the dimer {Zr(-O)[iPrNC(NMe2)NiPr]2}2 (14) in Scheme 3.4.  
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One N atom of each guanidinate iPr-NC(NMe2)N-
iPr ligand is trans to the 
bridging oxo ligands, and the other N atom is trans to the N atom of the other 
guanidinate ligand. The 13C{1H} NMR spectrum of 14 is consistent with the 
structure. Two peaks at 25.66 and 25.70 ppm are assigned to methyl groups in 
the isopropyl CHMe2 moieties, and their CH groups are observed at 46.16 and 
47.70 ppm. The peaks at 39.69 and 168.97 ppm are assigned to the methyl 
groups in the C-NMe2 moiety on the guanidinate 
iPr-NC(NMe2)N-
iPr ligand and 
its quaternary carbon atom, respectively. Attempts to crystalize the soluble dimer 
14 failed, as it gradually turned into the insoluble polymer {Zr(-
O)[iPrNC(NMe2)N
iPr]2}n (15) and precipitated from the solution. This observation 
is perhaps not surprising, as the dimer may polymerize into 15, as shown in 
Scheme 3.4. The polymer 15, however, does not dissolve in hexanes, benzene, 
ethyl ether or THF. 
It should be noted that the NMR spectra of the dimer {Zr(-
O)[iPrNC(NMe2)N
iPr]2}2 (14) also fits structures of monomer 13, trimer of 13, or 
the polymer {Zr(-O)[iPrNC(NMe2)NiPr]2}n (15). However, the following 
observations support the assignment of the species to be the dimer 14: (1) As 
discussed below in Section 3.2.2, the dimer 14 has been observed in the reaction 
of (Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) with H2O, and identified by its mass 
spectrum (MS). No other oligomers were observed. (2) Although both the 
monomer 13 and dimer 14 have been observed by MS in the reaction of 
(Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) with H2O, the penta-coordinated monomer 13 




































































dimer 14. (3) We cannot rule out that the soluble species is the trimer of Zr(-
O)[iPrNC(NMe2)N
iPr]2 (13, Scheme 3.5), which is also hexa-coordinated. But it is 
unlikely to be the tetramer of 13 (Scheme 3.5) as it is hepta-coordinated and 
more crowded than the dimer or trimer. 
The identification of the polymer {Zr(-O)[iPrNC(NMe2)NiPr]2}n (15) was 
based on solid-state 13C NMR and IR spectra of samples from the reaction of 
(Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) with H2O, as discussed below. It should be 
noted that, as the reaction progressed, more precipitate formed, and intensities 
of the peaks of the soluble dimer {Zr(-O)[iPrNC(NMe2)NiPr]2}2 (14) did not 
change. This observation is consistent with the continued conversion of the dimer 




























Scheme 3.5. Hexa-coordinated trimer and hepta-coordinated tetramer of Zr(-
O)[iPrNC(NMe2)N
iPr]2 (13).  
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The identification of HNMe2 and N,N,N',N'-tetramethyldiaminomethane 
CH2(NMe2)2 (24) as products in the reaction was based on a comparison of the 
1H and 13C{1H} NMR spectra of the reaction mixture (Figures 3.1 and 3.2) with 
those of pure HNMe2 and CH2(NMe2)2 (24).  In the 
1H spectrum (Figure 3.1), the 
peaks at 2.17 and 2.56 ppm are assigned to the NMe2 and CH2 moieties, 
respectively, in CH2(NMe2)2 (24). The carbon resonances of these moieties are 
observed at 43.33 and 83.69 ppm, respectively. When the volatiles of the 
reaction mixture were removed in vacuo, condensed, and analyzed by GC-MS, 
both HNMe2 and CH2(NMe2)2 (24) were identified. 
The formation of HNMe2 and CH2(NMe2)2 (24) in the reaction of 
(Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) with O2 (Scheme 3.4) suggests a radical 
nature of this reaction.12 We earlier reported that the reactions of M(NMe2)4 (M = 
Zr, Hf) with O2 showed that they gave aminoxides M3(NMe2)6(µ-NMe2)3(µ3-O)(µ3-
ONMe2) and Me2NNMe2 (Scheme 3.6).
7 DFT calculations using models suggest 











OOMe2N3 M(NMe2)4 + O2









7 Several other studies demonstrate that, once NMe2 
radicals are formed, their reactions lead to the formation of HNMe2 and 
CH2(NMe2)2 (24) involving intermediates such as CH3, CH2=NH, H, 
CH3N=CH2, and (CH3)2N-CH2.12a,b Such a pathway may operate in the current 
reaction of 10 with O2 in Scheme 3.4, giving HNMe2 and 24. 
 
3.2.2. Reaction of (Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) with H2O 
The reaction was initially monitored by 1H NMR spectroscopy. Addition of 
2 equiv of H2O in THF to 10 (15 mg) in benzene–d6 was found to give soluble 
products HNMe2 and dimer {Zr(-O)[iPrNC(NMe2)NiPr]2}2 (14, Figure 3.3). The 
reaction was much faster than that of 10 with O2, and was completed in a few 
minutes. After the reaction, the product mixture turned slightly cloudy, 
presumably as the result of the precipitation of the polymer {Zr(-
O)[iPrNC(NMe2)N
iPr]2}n (15), but the amount of the solid was too small to be 
isolated. These observations point to the reaction in Scheme 3.7. When the 
reaction of (Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) with water was conducted on a 
larger scale in THF. A H2O/THF mixture (2 equiv of H2O) was added to a solution 
of 10 in THF at 0 C. Afterwards, the solution was gradually warmed to room 
temperature with the formation of the polymer solid of {Zr(-
O)[iPrNC(NMe2)N
iPr]2}n (15). The white solid was isolated by filtration and 
characterized by IR and solid-state 13C NMR spectroscopies. A small amount of 
the filtrate was removed, and volatiles in the filtrate were removed in vacuo. 1H 
and 13C{1H} NMR analyses of the remaining solid showed that it was mainly the 
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dimer {Zr(-O)[iPrNC(NMe2)NiPr]2}2 (14). Attempts to grow crystals from the 
filtrate yielded additional insoluble solid of the polymer 15.   
IR spectrum of 15 in a KBr pellet revealed a peak at 1625 cm-1 (Figure 
3.4) in the typical range of the C=N stretching frequencies between 1690–1640 
cm-1.13 Solid-state 13C NMR spectrum of 15 (Figure 3.5) shows peaks at 23.67 
ppm for -CHMe2, 39.93 ppm for C-NMe2, 45.65 ppm for CHMe2, and 159.17 ppm 
for C-NMe2 groups. These resonances are consistent with the polymeric 
structure of {Zr(-O)[iPrNC(NMe2)NiPr]2}n (15). It is noted that one peak at 23.67 
ppm is observed for the methyl groups on the -CHMe2 moieties on the 
guanidinate iPr-NC(NMe2)N-
iPr ligand. Although we cannot rule out the possibility 
that two CHMe2 peaks overlap here, the observation of a single peak is 
consistent with the structure of the polymer 15 in Scheme 3.4, in which all four 
CHMe2 groups on a Zr center are chemically equivalent. In comparison, there are 
two inequivalent CHMe2 groups in the dimer {Zr(-O)[iPrNC(NMe2)NiPr]2}2 (14, 
Scheme 3.7), as its NMR spectra (Figures 3.1 and 3.2) reveal. Similarly, the 
trimer of Zr(-O)[iPrNC(NMe2)NiPr]2 (13) would also have two inequivalent 
CHMe2 groups (Scheme 3.5). In addition, the trimer is expected to have some 
solubility in common organic solvents. As analyzed earlier, the hepta-coordinated 
tetramer of 13 (Scheme 3.5) is more crowded, and it is unlikely to be a product.  
These analyses and the insolubility of the solid precipitate support its assignment 





































Scheme 3.7. Reaction of 10 with H2O, yielding HNMe2, 14 and 15. 
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Bernasek and Schwartz have found that the reactions of Zr(OtBu)4 with 
surface OH groups are faster than those of its alkyl analog Zr(CH2
tBu)4.
14  Lone 
pair electrons on the OtBu assist the H+ migration from the OH groups to the 
alkoxide ligand, removing the latter. The amide ligands NMe2 in 
(Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) also contain lone pair electrons, and they may 




Scheme 3.8. H+ transfer assisted by lone pair electrons on amide ligands. 
 
 
3.2.3. Mass Spectrometric Studies of the Reaction between 10 and H2O in 
Air 
Operations of many mass spectrometers require the exposure of samples 
to air, albeit briefly (in a few seconds). Thus they are usually not appropriate for 
the MS analysis of air-sensitive compounds, unless the mass spectrometers are 
operated with an inert gas Schlenk apparatus. 
Since the reaction of (Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) with H2O had 
been studied (Scheme 3.7), it was felt that perhaps the exposure of 10 to air 
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during the MS operations could be utilized to observe reaction products by MS. 
Even though 21% of air is O2, it is unlikely that there would be a significant 
degree of the reaction between 10 and O2 during a few seconds of exposure of 
10 to air at 23 C. As discussed in Section 3.2.1, the reaction of 10 with O2 is 
probably too slow at this temperature to be observed. 
Zirconium is an element with several five stable isotopes (90Zr, 91Zr, 92Zr, 
94Zr, and 96Zr; Table 3.1), and mass spectra of Zr compounds containing, for 
example, one and two Zr atoms thus each show unique isotopic patterns. The 
analysis will help to identify whether the compound contains a Zr atom or not, 
and how many Zr atoms are present in the compound. 
Solid powders of 10 were kept under nitrogen gas till shortly before the 
MS analysis by a JEOL AccuTOF™ DART (Direct Analysis in Real Time) mass 
spectrometer. The sealed end of a melting tube was inserted into the powders, 
and then quickly placed into a heated He stream in air. Molecules of 10 reacted 
with H2O in air, and transient products [M+H
+] (species + H+) were then analyzed 
by MS. The MS analysis indicated that, in addition to the monomer Zr(-
O)[iPrNC(NMe2)N
iPr]2 (13) and dimer {Zr(-O)[iPrNC(NMe2)NiPr]2}2 (14), 
dihydroxyl complex Zr(OH)2[
iPrNC(NMe2)N
iPr]2 (16) was present (Scheme 3.9).  
The calculated mass for [13+H+] is 447.23889 m/e, and the cation was observed 
at 447.24075 m/z. The isotopic patterns for both calculated and observed 
monomer+H+ cations are shown in Figure 3.6. Similarly the calculated and 
observed cations of [H++16] for the dihydroxyl product 
Zr(OH)2[
iPrNC(NMe2)N
iPr]2 (16) are 465.24945 and 465.24985 m/z, respectively, 
72 
 
and are given in Figure 3.7. One pathway to the formation of the mono-oxo 
complex 13 is likely dehydration of the dihydroxyl 16. The dimer {Zr(-
O)[iPrNC(NMe2)N
iPr]2}2 (14), containing two Zr atoms, have a different isotopic 
pattern, as shown Figure 3.8. The calculated [H++14] is 893.46995 m/z, and it 
was observed at 893.48166 m/z.   
 
3.2.4. Kinetic Studies of the Reaction between 10 and O2 
The reaction of (Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) with O2 is slow even at 
elevated temperatures.  This offers a good opportunity to study the kinetics of the 
reaction. 
The reaction between 10 and O2 in Scheme 3.4 likely follows second-
order kinetics (Eq. 3.1) 
 
d [9]/dt = k pO2 [10]       (Eq. 3.1) 
where k = rate constant, pO2 = partial pressure of O2, [10] = concentration 
of the Zr complex 10. 
 
Under a constant O2 pressure, pO2 = 1 atm, the rate law in Eq. 3.1 may be 
simplified to 
d [10]/dt = k’ [10], where k’ = k pO2     (Eq. 3.2) 
 











Table 3.1.  Stable isotopes of zirconium 
 
Isotope Accurate Mass % Natural Abundance 
90Zr 89.9047026(26) 51.45(2) 
91Zr 90.9056439(26) 11.22(2) 
92Zr 91.9050386(26) 17.15(1) 
94Zr 93.9063148(28) 17.38(2) 












Figure 3.8. (Top) Calculated and (Bottom) Observed MS for [14+H+]. 
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An NMR tube sample of 10 in toluene-d8, containing triphenylmethyl silane 
(MeSiPh3) as an internal standard, was connected to an apparatus shown in 
Figure 3.9. This solution was then frozen in liquid nitrogen and pumped in vacuo 
to remove gases. The NMR tube was then warmed to room temperature and O2 
(1 atm) was bubbled through the apparatus for 15 min to saturate the solution 
with O2. The NMR tube was then disconnected and 
1H NMR spectrum was 
recorded. The NMR tube was then re-connected to the apparatus in Figure 3.9, 
and the part of the apparatus to connect the NMR tube was evacuated to remove 
air. O2 gas (1 atm) was again bubbled through the apparatus for 10 min. The 
NMR tube was also immersed in an oil bath preheated to a set temperature. After 
heating, the NMR tube was taken out of the oil-bath and immediately immersed 
in ice water to quench the reaction, before 1H NMR spectrum was recorded. This 
process was repeated until 10 had disappeared. Experiments for seven 
temperatures, 353-383 K, were conducted, and run for each temperature was 
repeated at least once. 
The Zr-NMe2 peak in 10 at 3.27 ppm was integrated with respect to the 
MeSiPh3 peak at 0.72 ppm for each 
1H NMR spectrum to give [10], concentration 
of 10. Plots of ln [10]/[10]0 ([10]0 = initial concentration of 10) are given in Figure 
3.10, yielding rate constants k’ in Table 3.1. The rate constants were then used 
to give the Eyring plot ln(k/T) vs 1000/T (Figure 3.10). The slope and intercept of 
the Eyring plot yielded the activation parameters: ∆H≠ = 8.7(1.1) kcal/mol, ∆S≠ =  
-54(3) eu, ∆G≠358K = 27.8(2.2) kcal/mol. The activation entropy ∆S
≠ is largely 








Figure 3.9. Experimental apparatus for the kinetic studies of the reaction 



































Figure 3.10. (Top) Kinetics plots of the reaction between 10 and O2.  (Bottom) 





Table 3.2. Rate constants for the reaction of 10 with O2 
 
Temperature (K) Rate Constant k’ (min-1) 
353(1) 2.925(0.004) x 10-3 
358(1) 3.253(0.014) x 10-3 
363(1) 3.67(0.11) x 10-3 
368(1) 4.76(0.25) x 10-3 
373(1) 5.84(0.03) x 10-3 
378(1) 6.77(0.20) x 10-3 
The total uncertainty δk’/k’ of 0.073 was calculated from δk’ran/k’ = 0.053 and 




than twice that of the activation enthalpy ∆H≠. This perhaps reflects the fact the 
reaction between 10 and O2 is a di-molecular reaction. The metal center in the 
hexa-coordinated (Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) with two bulky guanidinate 
ligands is difficult to reach, the first step in the reaction as our earlier DFT 
calculations suggest.7,9 Although heating does not favor the di-molecular reaction 
entropically, increased Zr-N vibrations at higher temperatures weaken the bonds 
and their stretching and bending modes provide opportunities for O2 to attack the 
Zr center. 
 
3.2.5. Kinetic Studies of the Reaction of 10 with O2 in the Presence of the 
Radical Initiator Azobisisobutyronitrile (AIBN, 25) 
O2 is a di-radical in the ground state, and many of its reactions are radical 
in nature.17 Since the reaction of 10 with O2 is slow (Scheme 3.4), we decided to 
study the effect of the radical initiator azobisisobutyronitrile (AIBN, 25). AIBN, 
under heating, decomposes to yield two radicals, as shown in Scheme 3.10.  
These radicals are expected to increase the rate of the reaction between 10 and 
O2. AIBN (25) was added to a toluene-d8 solution of 10 in a 1:1 molar ratio. O2 at 
1 atm was then added by the procedure described in Section 3.2.4. The reaction 
at 338 K (65 ᵒC) was monitored. Prior to this, test reaction of 10 with AIBN was 
conducted to make sure they do not react together in the absence of O2. 
The kinetics plot is given in Figure 3.11. The predicted rate of the reaction 





Scheme 3.10. Thermal decomposition of AIBN (25) giving radicals.  
 
 
between 10 and 1 atm O2 is expected to be 453(1) min. The observed rate of the 
reaction at 338 K (with AIBN) was 8.584(0.003) x 10-3 min-1 and the half-life at 
338 K for the reaction with 1 atm O2 with AIBN was only 80.75(0.03) min. This 
reaction with AIBN (25) is thus 5.6 times faster than that without the radical 
initiator.  
A controlled experiment was conducted with a solution of 10 and AIBN in 
benzene-d6 under inert gas nitrogen. The solution was heated at 65
ᵒC for 2 h. No 
reaction between the two compounds was observed. 
 
3.2.6. Reaction of (Me2N)2Hf[
iPrNC(NMe2)N
iPr]2 (8) with O2 
Zirconium and hafnium compounds often show similar reactivitivies.  
Reaction of O2 with (Me2N)2Hf[
iPrNC(NMe2)N
iPr]2 (8), the Hf analog of 10, was 






















Slope = -8.61 x 10-3
R2 = 0.990
 




In a Young’s tube, 8 in benzene-d6 was frozen by liquid nitrogen and gases were 
removed in vacuo. O2 (1 atm) was then added to this solution. No reaction 
between 8 and O2 was observed at room temperature. This solution was then 
heated at ca. 75 ᵒC for about two weeks. The progress of the reaction was 
followed by 1H NMR spectroscopy. The reaction of 8 with O2 is much slower than 
that of 10 with O2. 
1H and 13C{1H} NMR spectra of the reaction mixtures are given 
in Figures 3.12 and 3.13. Precipitation started right after addition of O2 and 
increased with heating of the reaction mixture. The NMR spectra point to the 
formation of CH2(NMe2)2 (24), a dimer {Hf(-O)[iPrNC(NMe2)NiPr]2}2 (17), and a 
polymer solid {Hf(-O)[iPrNC(NMe2)NiPr]2}n (18). In the 1H NMR spectrum, two 
doublets were observed at 0.88 and 1.25 ppm for the CHMe2 group. The singlet 
at 2.65 ppm and the multiplet at 3.31 ppm were assigned to the C-NMe2 and 
CHMe2 atoms, respectively. In the 
13C{1H} NMR spectrum (Figure 3.13), two 
peaks at 23.65 and 25.69 ppm are assigned to methyl groups in the isopropyl 
CHMe2 moieties, and their CH groups are observed at 46.17 and 47.71 ppm. The 
peaks at 39.72 and 160.01 ppm are assigned to the methyl groups in the C-NMe2 
moiety on the guanidinate iPr-NC(NMe2)N-
iPr ligand and its quaternary carbon  
atom, respectively. The IR spectrum of the insoluble product 18, given in Figure 
3.14, shows a strong peak at 1628 cm-1, indicating the presence of the 
guanidinate ligand in the solid. These observations support the assignment of the 
solid as the polymer 18. 
The results here are similar to those of the Zr analog 10, and point to the 
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3.2.7. Reaction of (Et2N)2Zr[
iPrNC(NEt2)N
iPr]2 (11) with O2 
(Et2N)2Zr[
iPrNC(NEt2)N
iPr]2 (11) is the diethyl analog of 10. In addition to 
the NEt2 ligands bound to the Zr atom, the guanidinate ligands also contain NEt2 
groups. The studies here, conducted on an NMR scale, offer a comparison with 
the reaction of the dimethylamide analog 10 with O2, and the results point to the 
reaction given in Scheme 3.11. 
In a Young’s NMR tube, 11 in benzene-d6 was frozen in liquid nitrogen and 
all volatiles were removed. O2 (1 atm, 2 equiv) was then added to the NMR tube. 
1H NMR spectroscopy revealed no reaction between 11 and O2 at room 
temperature over a period of several days. This solution was then heated at 75 
ᵒC. The reaction proceeded very slowly and the 1H NMR peaks corresponding to 
11 decreased and those corresponding to dimer {Zr(-O)[iPrNC(NEt2)NiPr]2}2 (19) 
increased in intensity. After heating at 75 ᵒC for a week, as the reaction was very 
slow at this temperature, the volatiles were pumped off in vacuo and the residue 
was re-dissolved in toluene-d8. This solution was then added 1 atm O2 by the 
procedure described above, and the NMR tube heated at 105 ᵒC for 3 weeks. 
The 1H NMR peaks of the starting material 11 had disappeared completely. 
1H, 13C{1H}, and HSQC NMR spectra of the reaction mixture are given in 
Figures 3.15-3.17. {Zr(-O)[iPrNC(NEt2)NiPr]2}2 (19) showed two doublets at 0.92 
and 1.19 ppm which are assigned to the CHMe2 groups. The C-N(CH2CH3)2 
groups appear as a triplet at 1.06 ppm. The quartet at 3.11 ppm was assigned to 
C-N(CH2CH3)2. Further, the multiplets at 3.31 and 3.39 ppm were assigned to 



































































                      
 






















as confirmed by MS, as its [M+H+] peak was observed at 74.07644 m/z by 
DART. The 1H NMR peaks of HNEt2 were observed as a triplet at 0.985 ppm for 
HN(CH2CH3)2 and a multiplet at 2.48 ppm for HN(CH2CH3)2. The 
13C NMR peaks 
of HNEt2 were observed at 15.78 ppm for HN(CH2CH3)2 and at 44.40 ppm for 
HN(CH2CH3)2. The 
13C{1H} NMR spectrum of 19 (Figure 3.16) showed a peak at 
12.94 and 43.31 ppm for C-N(CH2CH3)2 and C-N(CH2CH3)2, respectively. The 
CHMe2 groups were observed at 23.76 and 25.51 ppm, and the peaks at 46.20 
and 47.73 ppm were assigned to CHMe2. Finally the C-NEt2 carbon atom was 
observed at 168.56 ppm. These assignments were confirmed by an HSQC 
experiment (Figure 3.17). 
The precipitate, light-yellow in color, was found insoluble in organic 
solvents. Its IR spectrum is given in Figure 3.18, and it reveals a strong peak at 
1622 cm-1, suggesting the presence of the guanidinate ligand. These 
observations of the insoluble solid suggest that the solid is a polymeric product 
{Zr(O)[iPrNC(NEt2)N
iPr]2}n (20), an analog of 15 and 18. 
 
3.2.8. Mass Spectrometric Studies of the Reaction between 
(Et2N)2Zr[
iPrNC(NEt2)N
iPr]2 (11) and H2O in Air 
The studies here were performed similarly to those involving 
(Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10). Solid powders of 11 were kept under nitrogen 
gas till shortly before the MS analysis by a JEOL AccuTOF™ DART (Direct 
Analysis in Real Time) mass spectrometer. The sealed end of a melting tube was 
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Figure 3.18. IR spectrum of {Zr(O)[iPrNC(NEt2)N



























Molecules of 11 reacted with H2O in air, and transient products [M+H
+] (species + 
H+) were then analyzed by MS.  
The calculated and observed mass spectra are given in Figures 3.19-3.22.  
They point to the reaction shown in Scheme 3.9. A [M+H]+ peak at 503.29885 
m/z is assigned to the oxo compound Zr(=O)[iPrNC(NEt2)N
iPr]2 (21), and its 
calculated [M+H]+ peak is at 503.30149 m/z (Figure 3.19). The [M+H]+ peak for 
the dihydroxyl Zr(OH)2[
iPrNC(NEt2)N
iPr]2 (22) was observed at 521.30761 m/z 
(calculated: 521.31205 m/z) (Figure 3.20). For the dimer Zr2(-
O)2[
iPrNC(NEt2)N
iPr]4 (19), its [M+H]
+ peak was observed at 1007.68461 m/z, 




+ (23) was also observed at 
558.37429 m/z. Its calculated [M+H]+ peak was at 558.38007 m/z (Figure 3.22). 
 
3.2.9. Reaction of 10 with TEMPO (26) 
Radical trapping technique often refers to the use of a stable radical, such 
as TEMPO [(2,2,6,6-tetramethyl-piperidin-1-yl)oxyl, 26, Scheme 3.12] to react 
with a free radical R to give a diamagnetic product.17,18 The diamagnetic product 
can then be analyzed to identify the radical R. Radical trapping has been used 
to study organometallic reactions.17,18 Feray et al., for example, used TEMPO 
(26) in the reactions of ZnR2 with O2 and observed TEMPO-R and TEMPO-ZnR 
as products.17b They attributed the formation of the products to a homolytic 
























Scheme 3.12. Radical trapping by TEMPO (26). 
 
 
We have looked into whether TEMPO (26) could be used to confirm the 
presence of radicals in the reaction of 10 with O2 here. One condition to use the 
radical trap is that TEMPO does not react with the starting material 
(Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10). However, we have found that TEMPO does 
react with 10 (in the absence of O2), yielding the dimeric product 14 (Scheme 

































































analysis of the volatiles from this reaction showed that HNMe2, CH2(NMe2)2 (24), 
and unreacted TEMPO as the main constituents. 
 
3.3. Concluding Remarks 
In this part, studies of the reactivities of the Zr and Hf amide guanidinates 
8, 10 and 11 towards O2 and water are reported. Interestingly, the reaction of 10 
with O2 and water yielded the same oxo-bridging compound 13. The reactions 
with H2O is much faster than that with O2. Kinetics of the reaction between 
(Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) and O2 at 80–110 C has been studied using 
an experimental set–up to keep a constant flow of O2 at 1 atm. The pseudo first–
order reaction is slow with a half-life of 213(1) min at 85 C. The activation 
parameters ∆H≠ = 8.7(1.1) kcal/mol, ∆S≠ = -54(3) eu, and ∆G≠358K = 28(2) 
kcal/mol suggest that entropy is a larger contributor to the activation barrier. 
Detailed MS studies were also conducted for the characterization of products 
obtained from reaction with water in air. 
 
3.4. Experimental Section 
All manipulations were performed under a dry nitrogen atmosphere with 
the use of either a drybox or standard Schlenk techniques. Solvents, including 
pentane, THF, and hexanes, were dried over potassium/benzophenone, distilled, 
and stored under nitrogen gas. Benzene-d6 was dried over activated molecular 
sieves and stored under nitrogen. Toluene–d8 was used in kinetics studies. NMR 
spectra were recorded on a Varian 500 MHz Fourier transform spectrometer
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unless otherwise noted, and were referenced to solvents. Elemental analyses 
were conducted via Complete Analysis Laboratories, Inc., Parsippany, NJ. Solid-
state NMR spectrum was recorded on a Solid-State Varian INOVA 400 MHz 
spectrometer. Mass spectra were recorded on a JEOL AccuTOF™ DART Mass 
Spectrometer. To record IR spectra, solid samples were grounded with KBr, 
which had been dried at 100 C, and then pressed into pellets. IR spectra were 
recorded on a Varian 4100 Excalibur. 
 
3.4.1. Reaction of (Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) with O2  
NMR-scale Reactions. In a Young’s tube, 10 (38.7 mg, 0.0494 mmol) was 
dissolved in toluene–d8. (Volume of headspace in the Young’s tube was 2.4 mL.)  
Before adding O2 the solution was frozen in liquid nitrogen and nitrogen gas was 
removed in vacuo. O2 (0.5 atm; 0.0494 mmol) was then added. 
1H NMR spectra 
over a period of time showed no new peaks at room temperature, indicating no 
reaction of 10 with O2. The Young’s tube was then heated at ca. 60 C. 
Disappearance of 10 began, as revealed by the 1H NMR spectrum.  
In a separate test, O2 (1 atm; 0.123 mmol) was added to 10 (48.1 mg; 
0.0614 mmol) in toluene–d8. (Volume of the headspace in the Young’s tube was 
3.0 mL.) Si(SiMe3)4 (5.0 mg) was used as internal standard. The Young’s tube 
was heated at 90 C. After about ca. 40 h, the reaction was quenched in ice 
water. 1H NMR spectrum was recorded. The volatiles were removed in vacuo 
and another 1H NMR spectrum of the residue was recorded. The spectra clearly 
showed the disappearance of 10 and appearance of new peaks corresponding to 
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the oxo–bridged dimer 14. 1H NMR spectrum also revealed peaks corresponding 
to HNMe2 (0.003 g, 6.23% yield based on NMR) and CH2(NMe2)2 (24, 0.015 g, 
31.2% yield based on NMR). The presence of HNMe2 and CH2(NMe2)2 (24) was 
confirmed with GC-MS. A white precipitate formed which was identified to be the 
polymeric product 15 (0.028 g, 58.3% yield). IR spectrum of 15 shows a strong 
peak at 1624 cm-1. 
The reaction of 10 with O2 was repeated in benzene-d6. 
1H NMR of 14 
(benzene–d6, 499.7 MHz, 25 C) δ 3.30 (m, 8H, CHMe2), 2.64 (s, 24H, C-NMe2), 
1.24 (d, 24H, CHMe2, 
3JH-H = 6.16 Hz), 0.88 (d, 24H, CHMe2, 
3JH-H = 6.39 Hz). 
13C{1H} NMR (benzene–d6, 125 MHz, 25
 C) δ 168.97 (C-NMe2), 47.70 (CHMe2), 
46.16 (CHMe2), 39.69 (C-NMe2), 25.70 (CHMe2), 23.66 (CHMe2). 
Reaction Conducted in a Schlenk Flask. In another experiment, O2 (1 atm; 
1.895 mmol) was added to 10 (0.7427 g; 0.9472 mmol) in toluene in a Schlenk 
flask. The headspace of the Schlenk flask was 46.33 mL. The solution was 
heated at 90 C for ca. 40 h. A white solid had precipitated from the solution.  
Volatiles were removed in vacuo and Et2O was added. The solution was 
concentrated in an attempt to grow crystals. No crystals could be isolated from 
the mixture. Removing all the volatiles yielded a white product of 15 (0.46 g, 62% 
isolated yield) which was insoluble in solvents tested, including pentane, 
hexanes, and THF. 
This reaction in toluene was repeated at 95 C (10 : O2 = 1 : 2), 100 C (10 
: O2 = 1 : 2), and once with a continuous flow of O2 at ca. 90 C for 18 h. In all 
three instances, the formation of the white insoluble solid 15 was observed which 
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was filtered off from the solution. The filtrate was then concentrated and left in 
freezer for several days. Repeated attempts to grow crystals failed to yield 
crystalline materials.  
 
3.4.2. Reaction of (Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) with Water 
NMR-scale Reaction. Water in THF (20% v/v, 5.2 µL, 0.058 mmol) was 
added dropwise to 10 (15 mg, 0.029 mmol) in benzene–d6 in a Young NMR tube. 
The progress of the reaction was followed by 1H NMR spectroscopy, revealing 
the formation of the oxo–bridged dimer 14 and HNMe2. 
Reaction Conducted in a Schlenk Flask. 10 (700 mg, 1.35 mmol) 
dissolved in toluene was cooled to -78 C. Water (121 µL, 1.35 mmol) in a 
H2O/THF mixture (20% v/v H2O) at -78 C was added dropwise to the solution of 
10. The solution was gradually warmed to room temperature. A large amount of 
white precipitate formed. Filtration and separation of the insoluble solid of 15 
(isolated 0.41 g, 59% yield). Attempts to grow crystals of the dimer 14 from the 
filtrate were unsuccessful. 13C solid-state NMR of 15 δ 159.17 (C-NMe2), 45.65 
(CHMe2), 39.93 (C-NMe2), 23.67 (CHMe2). IR spectrum of 15 showed a strong 
peak at 1625 cm-1. Anal. Calcd for	C18H40N6OZr (15): C, 48.28; H, 9.00; N, 18.77. 
Found: C, 48.15; H, 8.89; N, 18.68. 
 
3.4.3. Reaction of (Me2N)2Hf[
iPrNC(NMe2)N
iPr]2 (8) with O2 
O2 (1 atm, 0.094 mmol) was added to 8 (21.8 mg, 0.036 mmol) in 
benzene-d6 by the procedure described above for the reaction of 10 with O2 in a 
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Young’s NMR tube. The solution was then heated at 70 C. After 45 h, peaks 
corresponding to 8 had disappeared, and the solution turned cloudy with solid 
precipitation. In addition to HNMe2, and CH2(NMe2)2 (24), new peaks 
corresponding to the dimer product {Hf(-O)[iPrNC(NMe2)NiPr]2}2 (17) were 
observed. 1H NMR of 17 (benzene–d6, 499.7 MHz, 25 C) δ 3.30 (m, 8H, 
CHMe2), 2.65 (s, 24H, C-NMe2), 1.25 (d, 24H, CHMe2, 
3JH-H = 6.16 Hz), 0.88 (d, 
24H, CHMe2, 
3JH-H = 6.4 Hz). 
13C{1H} NMR (benzene–d6, 125 MHz, 25
 C) δ 
160.01 (C-NMe2), 47.71 (CHMe2), 46.16 (CHMe2), 39.72 (C-NMe2), 25.69 
(CHMe2), 23.65 (CHMe2). A white insoluble solid {Hf(-O)[iPrNC(NMe2)NiPr]2}n  
(18, 8.8 mg, 40%) was also formed that settled onto the bottom of the NMR tube. 
In IR spectrum of 18, a strong peak was observed at 1628 cm-1. 
 
3.4.4. Reaction of (Et2N)2Zr[
iPrNC(NEt2)N
iPr]2 (11) with O2 
In an NMR-scale reaction, excess O2 was added to (31.2 mg, 0.0494 
mmol of 11) in benzene–d6 in a Young’s NMR tube. The solution was heated at 
75 C, but the 1H NMR peaks of 11 were still observed after several days of 
heating. The volatiles were then removed in vacuo and toluene–d8 was added as 
the solvent. The solution was then heated at 105 C for ca. 3 weeks, after which 
11 disappeared and peaks corresponding to the dimer {Zr(-
O)[iPrNC(NEt2)N
iPr]2}2 (19) were observed. 
In a large scale test, 11 (0.62 g, 0.98 mmol) in toluene in a Schlenk flask 
was added excess O2. The reaction mixture was then heated at 105 C for ca. 3 
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weeks, yielding a light-yellow solid precipitate. A small portion of the supernatant 
solution was removed from the Schlenk flask, and volatiles in the solution were 
removed. 1H NMR spectrum of the residual solid from the supernatant solution 
revealed 11 had completely converted. The light yellow insoluble precipitate of 
{Zr(O)[iPrNC(NEt2)N
iPr]2}n (20, isolated 0.41 g, 66% yield), an analog of 15, 
settled at the bottom of the Schlenk flask. 
1H NMR of 19 (benzene–d6, 499.7 MHz, 25 C) δ 3.30-3.39 (m, 8H, 
CHMe2), 3.12 [q, 16H, C-N(CH2CH3)2, 
3JH-H = 6.96 Hz], 1.18 (d, 24H, CHMe2, 
3JH-
H = 6.12 Hz), 1.06 [t, 24H, C-N(CH2CH3)2, 
3JH-H = 6.99 Hz], 0.92 (d, 24H, CHMe2, 
3JH-H = 6.37 Hz). 
13C{1H} NMR (benzene–d6, 125 MHz, 25
 C) δ 168.56 (C-NEt2), 
47.73 and 46.20 (CHMe2), 43.31 [C-N(CH2CH3)2], 25.51 and 23.76 (CHMe2), 
12.94 [C-N(CH2CH3)2]. IR of the white insoluble solid 20 was observed at 1622 
cm-1. Anal. Calcd for	 C22H48N6OZr (20): C, 52.44; H, 9.60; N, 16.68. Found: C, 
52.33; H, 9.47; N, 16.59. 
 
3.4.5. Kinetic Studies of the Reaction between 10 and O2 
Ph3SiMe (internal standard, 6.0 mg, 0.022 mmol) and 10 (20.0 mg, 0.0385 
mmol) were dissolved in toluene–d8 in a Young’s NMR tube. The tube was then 
heated in an oil bath at the set temperature with a constant O2 flow (1 atm) using 
the set up in Figure 3.9. At regular intervals the NMR tube was removed from the 
oil bath and placed in ice water to quench the reaction. 1H NMR spectra were 
recorded. The Zr-NMe2 peak in 10 at 3.27 ppm was integrated with respect to the 
Ph3MeSi peak at 0.72 ppm for each 
1H NMR spectrum. These integrals were 
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then plotted vs. time (min). Kinetic studies were conducted at 80, 85, 90, 95, 100, 
105, and 110 C, and the test at each temperature was repeated at least once. 
 
3.4.6. Kinetic Studies of the Reaction between 10 and O2 in the Presence of 
the Radical Initiator Azobisisobutyronitrile (AIBN, 25) 
To a toluene–d8 solution of 10 (20.5 mg, 0.0395 mmol) in a Young’s NMR 
tube, AIBN (6.48 mg, 0.0426 mmol) was added. The experimental set–up in 
Figure 3.9 was used to provide a constant pressure of O2 throughout the kinetics 
experiment. The solution was then heated at 65 C with a continuous flow of O2 
through the Young’s NMR tube. At regular intervals the Young’s tube was 
removed, and placed in ice water to quench the reaction. 1H NMR spectra were 
recorded. The AIBN peak was observed at 1.11 ppm for the methyl groups. The 
Zr-NMe2 peak in 10 at 3.27 ppm was integrated with respect to the Ph3MeSi peak 
at 0.72 ppm. 
In a controlled experiment, 10 and AIBN were added to benzene-d6 under 
nitrogen. The solution was heated to 65 C under the inert atmosphere for ca. 2 
h. 
 
3.4.7. Mass Spectroscopic Studies of the Reactions of 10 and 11 with H2O 
in Air 
A capillary tube was placed in a solid sample of 
(Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) or (Et2N)2Zr[
iPrNC(NEt2)N
iPr]2 (11) and then 
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quickly removed. The tube was then placed in a stream of helium gas that has 
been heated to 200 C in a DART MS spectrometer. 
 
3.4.8. Reaction of 10 with TEMPO (26) 
Ph3SiMe (internal standard, 5.0 mg, 0.018 mmol) and 10 (20.0 mg, 0.0385 
mmol) were dissolved in toluene–d8 in a Young’s NMR tube. TEMPO (26, 10 mg, 
0.064 mmol) was then added to the solution. 1H NMR of this reaction was then 
recorded. The progress of the reaction was followed with 1H NMR spectroscopy, 
revealing the formation of the dimer 14. The NMR peaks are listed below. 14 
(toluene–d8, 499.7 MHz, 25 C) δ 3.30 (m, 8H, CHMe2), 2.63 (s, 24H, C-NMe2), 
1.20 (d, 24H, CHMe2, 
3JH-H = 6.16 Hz), 0.91 (d, 24H, CHMe2, 
3JH-H = 6.39 Hz). 
13C{1H} NMR (toluene–d8, 125 MHz, 25
 C) δ 170.02 (C-NMe2), 47.50 (CHMe2), 
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iPr]2 (10) has been found to undergo an NMe2-Cl 
exchange with CCl4, giving Zr(Cl)(NMe2)[
iPrNC(NMe2)N
iPr]2 (27) as an 





iPr]2 (27) has been independently prepared from the 
reaction of ZrCl(NMe2)3 with 2 equiv of 
iPr-N=C=N-iPr, and characterized by NMR 





Earlier transition metal complexes with alkyl, amide, and hydride 
ligands1,2,3 often contain polar bonds between metal atoms and anionic ligands. 
These ligands usually behave as nucleophiles similar to their main group counter 
parts such as LiR, RMgX (X = halide), LiNR2 and NaBH4.  
Metathesis or substitution reactions, also known as double displacement 
reactions, are those involving the exchanges between two reacting chemical 
species.4 No changes in the oxidation states occur in such reactions. The bond 
between the reacting species can either be ionic or covalent. Counterion 
exchange, as in salt metathesis, is one type of metathesis which may convert 
ionic compounds that are soluble in aqueous solutions to those soluble in organic 
solvents. Examples include conversion of sodium perrhenate to its 
tetrabutylammonium salt5 (Eq. 4.1) and the formation of [Fe(C5H5)2]B(C6F5)4 (Eq. 
4.2).6 
 
     NaReO4 + N(C4H9)4Cl → N(C4H9)4[ReO4] + NaCl   (Eq. 4.1) 
     [Fe(C5H5)2]BF4 + NaB(C6F5)4 → [Fe(C5H5)2]B(C6F5)4 + NaBF4 (Eq. 4.2)
 
 
Alkylation is another type of metathesis. Metal complexes are alkylated via 
salt metathesis, as shown in the methylation of titanocene dichloride in Eq. 4.3.7 
 




Bromotrichloromethane and carbon tetrachloride have both been used 
extensively for radical trapping.8 For example, cyclopropyl radical is known to 
behave as a rapidly inverting σ radical of high reactivity. Experiments have been 
performed using radical trapping to determine the extent to which a variety of 
substituted cyclopropyl radicals are capable of maintaining their original 
configuration.8a BrCCl3 was chosen as a trap for the cyclopropyl radical (Eq. 4.4). 
 
     c-C3H5 + BrCCl3 → c-C3H5Br + CCl3        (Eq. 4.4) 
 
Radical trapping has also been used to probe organometallic reactions.8b 
For example, irradiation of metal-metal bonded complexes leads to the formation 
of radicals that may be captured by chlorine atom abstraction from CCl4 (Eq. 
4.5).8b 
 
     Cp2Mo2(CO)6 + 2 CCl4 → 2 CpMo(CO)3Cl + 2 CCl3    (Eq. 4.5) 
 
Reaction of 10 with O2 (Scheme 3.4) appears to be a good candidate to 
test the radical trapping by CCl4. Because of CH2(NMe2)2 (24) formed as a side 
product in this reaction, the reaction is believed to follow a radical mechanism. In 
addition, the rate of the reaction is enhanced several folds with the addition of the 
radical initiator 2,2′-azobis(2-methylpropionitrile) (AIBN, 25) (Section 3.2.5). 
However, prior to the use of CCl4 as a radical trap to probe the reaction of 
(Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) with O2, it is necessary to investigate whether 
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10 would react with CCl4 itself in the absence of O2. This is because, the amide 
ligand on the Zr center in 10 is nucleophilic and it may replace the chloride in 
CCl4 through a metathesis reaction. Indeed we have found that 
(Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) does react with CCl4, yielding sequentially 
Cl(Me2N)Zr[
iPrNC(NMe2)N
iPr]2 (27) and Cl2Zr[
iPrNC(NMe2)N
iPr]2 (28). 27 is a 
new compound. In addition to observing 27 through metathesis between CCl4 
and 10, 27 has been prepared by a different route – direct insertion of iPr-
N=C=N-iPr into Zr-NMe2 bonds in ZrCl(NMe2)3. Our studies of the reaction 
between CCl4 and 10, preparation of 27, and its characterization are reported. 
 
4.2. Results and Discussion 
4.2.1. Reaction of (Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) with CCl4 
The reaction between 10 and CCl4 is given in Scheme 4.1. 
1H NMR 
spectrum of 10 itself is given in Figure 4.1 for comparison. In a Young’s tube, 10 
in benzene-d6 was added CCl4, and the progress of the reaction was followed by 
1H NMR spectroscopy. Right after the addition of CCl4, new NMR peaks were 
observed, which were assigned to Cl(Me2N)Zr[
iPrNC(NMe2)N
iPr]2 (27), a mono-
chloride derivative of 10 (Scheme 4.1, Figure 4.2).  With the passage of time, 1H 
NMR peaks of 10 decreased in intensity. After 2-3 days at room temperature, 1H 
NMR peaks corresponding to Cl2Zr[
iPrNC(NMe2)N
iPr]2 (28), a di-chloride 
derivative of 10, started to appear as well (Scheme 4.2).  After ca. 1 week, 1H 
NMR spectrum of the solution showed only 28 (Figure 4.3).  28 has been 
















































Scheme 4.1. Reaction of 10 with CCl4, yielding amide chloride metathesis 
products 27 and 28. 
 
 
insertion of iPr-N=C=N-iPr into the Zr-NMe2 bonds in (Me2N)2ZrCl2(THF)2. 
Comparison of its 1H (Figure 4.3) and 13C{1H} NMR spectra with those reported 
confirmed the formation of 28 in the reaction in Scheme 4.1. 
The reaction between CCl4 and (Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) here, 
yielding the mono-chloride 27 and di-chloride 28, probably proceeds through 
metathesis between C-Cl and Zr-NMe2 bonds, substitution of chloride by amide, 
eventually resulting in the replacement of both amide ligands in 
(Me2N)2Zr[
iPrNC(NMe2)N





Figure 4.1. 1H NMR spectrum of (Me2N)2Zr[
iPrNC(NMe2)N





























































4.2.2. Synthesis of 27 via the Reaction of ZrCl(NMe2)3 with 
iPr-N=C=N-iPr 
and Characterization of 27 
The mono-chloride Cl(Me2N)Zr[
iPrNC(NMe2)N
iPr]2 (27) is a new 
compound.  In the reaction between (Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) with CCl4, 
it is an intermediate in the formation of the di-chloride 28 (Scheme 4.1) and it was 
difficult to control the reaction to just form 27. Thus 27 from this reaction was not 
isolated. Instead, 27 was directly prepared through the insertion of iPr-N=C=N-iPr 
into two Zr-NMe2 bonds in ZrCl(NMe2)3.  ZrCl(NMe2)3, as solvent-free 
[Cl(Me2N)2Zr(-NMe2)]2, has been prepared by the reaction of ZrCl4 with LiNMe2 
in ether.10 Its X-ray structure showed a dimer with two NMe2 bridges. Our group 
has earlier prepared ZrCl(NMe2)3 as a THF adduct, (Me2N)3Zr(-Cl)2(-
NMe2)Zr(NMe2)2(THF), from either the reaction between 1 equiv of ZrCl4 and 3 
equiv of LiNMe2 in THF or 1 equiv of Zr(NMe2)4 and 1 equiv of 
(Me2N)2ZrCl2(THF)2 in THF.
11  The THF adduct is a dimer bridged by one 
chloride and one amide ligand.  
In the current work, ZrCl(NMe2)3 was synthesized by the direct reaction of 
3 equiv of LiNMe2 with ZrCl4 in THF. After filtration to remove LiCl, and volatiles 
were removed in vacuo, the crude product was recrystallized in hexanes to give 
THF-free ZrCl(NMe2)3, as its 
1H NMR spectrum in Figure 4.4 shows. ZrCl(NMe2)3 
was then reacted with 2 equiv of iPr-N=C-N-iPr, resulting in the formation of 
Cl(Me2N)Zr[
iPrNC(NMe2)N
iPr]2 (27, Scheme 4.2). 
This compound was then characterized by 1H, 13C{1H} and HSQC NMR 




Scheme 4.2. Synthesis of 27. 
 
 
at 1.32 and 1.37 ppm are assigned to the two different CHMe2 groups. 
One peak at 2.43 ppm is observed for the C-NMe2 groups on the guanidinate 
ligands. These may be understood by the Bailar twist mechanism in Scheme 
4.3.12 The exchange leads to an intermediate B in which there is a mirror plane 
through the molecule. As a result, the two iPr groups in the bottom face of B from 
two different guanidinate ligands are chemically equivalent. Similarly the two iPr 
groups on the top face, also from two different guanidinate ligands, are 
chemically equivalent. The two C-NMe2 groups on the two guanidinate ligands 
are equivalent. The multiplet at 3.59 ppm is assigned to CHMe2, and the 
resonances from two different iPr groups may overlap here. The peak at 3.39 
ppm is assigned to the Zr-NMe2 group.  
In the 13C{1H} NMR spectrum (Figure 4.6) of 
Cl(Me2N)Zr[
iPrNC(NMe2)N
iPr]2 (27), the two peaks at 24.99 and 25.18 ppm are 
assigned to the CHMe2 groups. The C-NMe2 group is observed at 39.75 ppm. 












Figure 4.5. 1H NMR spectrum of Cl(Me2N)Zr[
iPrNC(NMe2)N


















Figure 4.6. 13C{1H} NMR spectrum of Cl(Me2N)Zr[
iPrNC(NMe2)N





















Figure 4.7. HSQC NMR spectrum of Cl(Me2N)Zr[
iPrNC(NMe2)N

















Scheme 4.3. Bailar twist mechanism for the exchange in 27. There is a mirror 
plane in B.   
 
 
the CHMe2 group. Finally the peak at 172.01 ppm was assigned to the 
quaternary carbon atom of the C-NMe2 group. These assignments were 
confirmed with an HSQC experiment (Figure 4.7), and it is consistent with the 
Bailar twist mechanism in Scheme 4.3. 
The solid product of 27 from the reaction in Scheme 4.2, without further 
purification, passed elemental analysis. 
 
4.3. Concluding Remarks 
CCl4 has been used in various reactions as a radical trap. It is essential to 
first make sure that CCl4 does not directly react with reactants apart from the 
radical processes. It is not surprising to discover that CCl4 in fact reacts with 10, 
first replacing one amide ligand with a chloride ligand to form 27 and then 
replacing the second amide ligand to form 28. 27 is a new compound, and it has  
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been prepared from direct insertion reaction between ZrCl(NMe2)3 and 2 equiv of 
diisopropyl carbodiimide. 
 
4.4. Experimental Section  
All manipulations were performed under a dry nitrogen atmosphere with 
the use of either a drybox or standard Schlenk techniques. All solvents such as 
pentane, THF, hexanes were dried over potassium/benzophenone, distilled, and 
stored under nitrogen. Benzene-d6 was dried over activated molecular sieves 
and stored under nitrogen. CCl4 was also dried over activated molecular sieves 
and stored under nitrogen. NMR spectra were recorded on a Varian 500 MHz 
Fourier transform spectrometer unless otherwise noted, and were referenced to 
solvents. Elemental analyses were conducted via Complete Analysis 
Laboratories, Inc., Parsippany, NJ. 
 
4.4.1. Reaction of 10 with CCl4 
In a Young’s tube, 10 (15 mg, 0.029 mmol) was dissolved in benzene-d6. 
Excess CCl4 was then added to this Young’s tube. Immediately after the addition 
of CCl4, the intensities of the peaks corresponding to 10 started decreasing. The 
progress of the reaction was followed with 1H NMR spectroscopy. The 1H NMR 
peaks of 27 first started to appear after ~2 h. This eventually led to the formation 




4.4.2. Synthesis of Cl(Me2N)Zr[
iPrNC(NMe2)N
iPr]2 (27) from the Reaction of 
ZrCl(NMe2)3 with 
iPr-N=C=N-iPr 
ZrCl4 (1.620 g, 6.952 mmol) in THF was added 3 equiv of LiNMe2 (1.062 
g, 20.84 mmol) in THF. After stirring overnight, the solution was filtrated to 
remove LiCl, and volatiles were removed in vacuo to give crude ZrCl(NMe2)3 
(0.9630 g, 3.722 mmol, 59.4% yield). This crude product was then re-dissolved in 
hexanes and cooled to give pure ZrCl(NMe2)3 as crystals. These crystals were 
then separated from mother liquor solution and washed with cooled hexanes. 
ZrCl(NMe2)3 (282.6 mg, 1.092 mmol) was then reacted with 2 equiv of 
iPr-
N=C=N-iPr (275.7 mg, 2.185 mmol) in pentane overnight. The volatiles were then 
removed in vacuo to give the crude product of 27 as an off-white solid (isolated 
solid: 198.2 mg, 0.3876 mmol, 70.1% yield). 1H NMR (benzene–d6, 499.7 MHz, 
25 C) δ 3.59 (m, 4H, CHMe2), 3.39 (s, 6H, Zr-NMe2), 2.43 (s, 12H, C-NMe2), 
1.37 (d, 12H, 3JH-H = 6.43 Hz, CHMe2), 1.32 (d, 12H, 
3JH-H = 6.42 Hz, CHMe2). 
13C{1H} NMR (benzene–d6, 125 MHz, 25
 C) δ 172.01 (C-NMe2), 47.58 (CHMe2), 
47.12 (Zr-NMe2), 39.75 (C-NMe2), 25.18 (CHMe2), 24.99 (CHMe2). Anal. Calcd 





1. See, e.g., (a) Crabtree, R. H. The Organometallic Chemistry of the 
Transition Metals, 4th ed., Wiley, 2005, Ch. 3. (b) Hartwig, J. F., 
Organotransition Metal Chemistry. From Bonding to Catalysis, University 
Science Books, 2010, Ch. 3. 
2. Pantazis, D.; McGrady, J. E.; Besora, M.; Maseras, F.; Etienne, M. 
Organometallics 2008, 27, 1128.  
3. (a) Hoskin, A. J.; Stephan, D. W. Coord. Chem. Rev. 2002, 233-234, 107. 
(b) Labinger, J. A.; Komadina, K. H. J. Organomet. Chem. 1978, 155, 
C25. 
4. McNaught, A. D.; Wilkinson, A., IUPAC Compendium of Chemical 
Terminology - the Gold Book, 2nd ed, Blackwell Scientific Publications, 
Oxford, 1997. 
5. Dilworth, J. R.; Hussain, W.; Hutson, A. J.; Jones, C. J.; Mcquillan, F. S. 
Inorg. Synth. 1997, 31, 257. 
6. Bras, J.-L.; Jiao, H.; Meyer, W. E.; Frank, H.; Gladysz, J. A. J. Orgmet. 
Chem. 2000, 616, 54.  
7. Payack, J. F.; Hughes, D. L.; Cai, D.; Cottrell, I. F.; Verhoeven, T. R. Org. 
Synth. 2002, 79, 19. 
8. (a) Johnston, L. J.; Ingold, K. U. J. Am. Chem. Soc. 1986, 108, 2343. (b) 
Tyler, D. R.; Chen, R. Macromol. Symp. 2004, 209, 231. (c) Schutte, E.; 
Weakley, T. J. R.; Tyler, D. R. J. Am. Chem. Soc. 2003, 125, 10319.  
136 
 
9. Duncan, A. P.; Mullins, S. M.; Arnold, J.; Bergman, R. G. Organometallics 
2001, 20, 1808. 
10. Kempe, R.; Hillebrand, G.; Spannenberg, A. Z. Kris.-New Cryst. St. 
1997, 212, 490. 
11. Wu, Z.; Diminnie, J. B.; Xue, Z.-L. Inorg. Chem. 1998, 37, 2570. 










Formation of the Imide [Ta(NMe2)3(-NSiMe3)]2 through an 














This part is revised based on a paper by Bhavna Sharma, Shu-Jian Chen, 
Julia K. C. Abbott, Xue-Tai Chen and Zi-Ling Xue. Only minor revisions were 
made. 
Formation of the Imide [Ta(NMe2)3(-NSiMe3)]2 through an 
Unprecedented α-SiMe3 Abstraction by an Amide Ligand. Bhavna Sharma, Shu-




The mixed amide Ta(NMe2)4[N(SiMe3)2] (30) has been found to undergo 
the elimination of Me3Si-NMe2 (31), converting the amide N(SiMe3)2 ligand to the 
imide =NSiMe3 ligand. Such abstraction of an α-SiMe3 group in an amide ligand 
by another amide ligand to yield an imide “Ta(NMe2)3(=NSiMe3)” (32) is rare. The 
imide product is observed as its dimer [Ta(NMe2)3(=NSiMe3)]2 (33). Kinetics of 
the α-SiMe3 abstraction in 30 was investigated with a temperature range of 70–
110 C. The disappearance of this mixed amide follows first–order kinetics giving 
the activation parameters: ∆H≠ = 21.3(1.0) kcal/mol, ∆S≠ = -17(2) eu and ∆G≠343K 





Transition metal imide complexes have been actively studied1 and used as 
catalysts2 and precursors in chemical vapor deposition (CVD) of microelectronic 
materials.3 A variety of methods have been developed to prepare imide 
ligands,1,4,5 utilizing both intermolecular and intramolecular reactions. 
Intermolecular syntheses are more common and include imidations with primary 
amines, imines, nitriles, and a variety of other nitrogen-containing compounds.1,4 
Examples include the synthesis of tBuN=OsO3 through the treatment of OsO4 
with tBuNH2,
4a PhN=MoCl2(S2CNEt2)2 from the reaction of MoOCl2(S2CNEt2)2 
with PhNPPh3,
4b and PhN=ReCl3(PPh3)2 from the reaction of ReOCl3(PPh3)2 with 
PhN=CHNHPh.4c Intramolecular imidation is less common, and in these 
reactions, an imido ligand is usually formed through 1,2–elimination of Me3SiCl or 
interligand transfer (Scheme 5.1). The treatment of TiCl3[N(SiMe3)2] with 
pyridine,4d e.g., leads to 1,2–elimination of Me3SiCl and formation of 
Me3SiN=TiCl2(py)2. In the reaction of VOCl3 with 3 equiv of NaN(SiMe3)2, a SiMe3 
group migrates to the oxo ligand forming the imide 
Me3SiN=V(OSiMe3)[N(SiMe3)2]2.
4e Thermolysis of Ta(NR2)5 (R2 = Et2, 
nPr2, 
nBu2, 
MenBu) yields imides RN=Ta(NR2)3 [R2 = Me
nBu; nBuN=Ta(NMenBu)3] as well as 
Ta(NR2)4, HNR2, R-H, and olefins.
5 The formation of the imides here is believed 
to involve d1 Ta(NR2)4 and NR2 radicals.
5 
Herrmann and Baratta reported the preparation of ansa-type complexes in 
Scheme 5.2 via the reaction of M(NMe2)5 with 1 equiv of the protic ligand [(η
5- 
C5H4)-Si(CH3)2-(HNC6H5)].





Scheme 5.1. Two main types of intramolecular imidation.1c 
 
 
the Nb complex to form the corresponding imide complex in solution and solid 
state. The isomerization is assigned to an "α-Si abstraction" as a result of steric 
























Scheme 5.2. Formation of Nb and Ta imide complexes via photochemical 
cleavage of Si-N bond.4h 
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the cleavage of silyl leaving groups with concomitant formation of strong covalent 
bonds (e.g., Si-O, Si-Cl) has been applied to synthesize imido complexes from 
metal oxides or metal halides, a light-induced rearrangement with formation of an 
imido ligand had not been reported. The thermal stability of the photolysis 
products was attributed to the presence of an imido ligand (=N-Ph) – a well-
known feature of high oxidation state organometallic compounds. 
Early transition metal complexes with nitrogen-containing ligands are 
currently studied as precursors to metal oxide thin films in chemical vapor 
deposition (CVD) and atomic layer deposition (ALD) processes.3 Ta imide 
complexes have been reacted with O2 to produce Ta2O5 thin films.
3b One 









In our previous studies of the reactions between amide complex 
Ta(NMe2)4[N(SiMe3)2] (30) and carbodiimides RN=C=NR (R = Cy, 
iPr), we were 
surprised to find that elimination of Me3Si-NMe2 (31) occurred.
6 The formation of 
the guanidinate imides such as Ta(NMe2)(=NSiMe3)[CyNC(NMe2)NCy]2 (35, 











Xue’s group have been reported elsewhere.6 To our knowledge, the conversion 
of 30 to 33 is a rare example of the imide formation through elimination of Me3Si-
NMe2 (31). The current work focuses on the conversion of 30 to 33, preparation 
of 33 and its characterization. Our results are reported here. 
 
5.2. Results and Discussion 
In the studies of the penta-amide Ta(NMe2)4[N(SiMe3)2] (30), we found it 
to be unstable at room temperature. Upon heating at 70 C, elimination of 
Me3Si-NMe2 (31) from 30 occurred to give the imide dimer [Ta(NMe2)3(-
NSiMe3)]2 (33).  In order to see if 32 is an intermediate, the reaction of 30 with 
CyN=C=NCy was studied and found to yield guanidinates Ta(NMe2)3-n(=NSiMe3)-
[CyNC(NMe2)NCy]n (n = 1, 34; 2, 35; Scheme 5.4). The formation of 34 and 35 
suggests that CyN=C=NCy captures 32 in the reaction.6,7 Although the 
abstraction of an α-SiMe3 group by chloride and oxo ligands has been 
reported,4d,e the abstraction of an α-SiMe3 group in an amide ligand by another 
amide ligand to yield an imide, to our knowledge, is rare.4h   
When a solution of 30 was heated at 85 C, NMR spectra showed the 
formation of 31 and 33 in 30 min. Their peaks grew in 2 h along with the 
appearance of unidentified peaks.  After 24 h at 85 C, NMR resonances of 30 
and 33 had disappeared. 33 was also prepared from the reaction of 
TaCl3(=NSiMe3)(py)2 (36)
4g with LiNMe2 (Scheme 5.4) in order to characterize it 
and confirm its presence as a product in the decomposition of 30. 1H, 13C{1H}, 
and 29Si{1H} NMR spectra of 33 show peaks of NMe2 and =NSiMe3 groups in the 
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ranges reported for amide and imide ligands.6,7b,8,9  In the solid state and in 
solution at 23 C, 33 decomposes under nitrogen to unidentified products. 
The structure of 33 was obtained from a single-crystal X-ray study, and an 
ORTEP view is given in Figure 5.1. The crystallographic data, including bond 
lengths and angels, are given in Tables 5.1-5.5. The crystal structure revealed 
that 33 is a dimer bridged by two imide ligands. In contrast, its analog 
Ta(NMe2)3(=NCMe3)
4f is a monomer. The formation of 33 in the α-SiMe3 
abstraction reaction suggests that 32 is unstable, perhaps because it is 
coordinatively unsaturated. Si atom is much larger than a C atom, and the SiMe3 
group in 32 is further away from the Ta center, facilitating its dimerization. The 
imide bridges in 33 are asymmetrical, as observed in [Ta(-
NSiMe3)(OCH2Bu
t)3]2.
9a The Ta(1)-N(7) bond [1.966(5) Å], for example, is 
significantly shorter than the Ta(1)-N(8) bond [2.141(4) Å], suggesting that there 
is a double bond feature between Ta(1) and N(7) atoms. In other words, the lone 
pair of electrons on N(7) are involved in a dative d-p  bond with Ta(1). Hoffman 
and Suh reported the Ta(IV) dimer {Ta(-NSiMe3)[N(SiMe3)2]Cl}210 with slightly 
asymmetrical Ta-N bond lengths: 1.994(7) and 1.985(6) Å. A Ta-Ta bond in this 
complex perhaps makes the average of Ta-N bond length, 1.990 Å, smaller than 
that (2.048 Å) in 33 that has no Ta-Ta bond. Heyduk and coworkers prepared the 
imide-bridged dimer {[ONOred]Ta[-N(p-tolyl)[NH2(p-tolyl)]2 {[ONOred] = N,N-
bis(3,5-di-t-butyl-2-phenoxide)amide}11 which shows a slight asymmetry in the 
imide Ta(V)-N bond lengths: 2.016(17) and 2.034(16) Å. The Ta(1)-N(7) bond in 







Figure 5.1. Structure of [Ta(NMe2)3(=NSiMe3)]2 (33).
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Table 5.1. Crystal data and structure refinement for 33 
Empirical formula  C18 H54 N8 Si2 Ta2 
Formula weight  800.76 
Temperature  168(2) K 
Wavelength  0.71073 D 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 17.3784(10) D  = 80.9020(10) 
 b = 17.4386(14) D  = 71.9280(10) 
 c = 18.8966(11) D  = 60.1250(10) 
Volume 4720.7(5) D3 
Z 6 
Density (calculated) 1.690 Mg/m3 
Absorption coefficient 7.044 mm-1 
F(000) 2352 
Crystal size 0.15  0.20  0.30 mm3 
  range for data collection 1.13 to 25.00 
Index ranges -20  h  21, -18  k  22, -24  l  24 
Reflections collected 27608 
Independent reflections 19096 [R(int) = 0.0214] 
Completeness to  = 25.00 92.7%  
Absorption correction Semi-empirical from equivalents 
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Table 5.1. Continued 
Max. and min. transmission 0.348 and 0.201 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 19096 / 0 / 865 
Goodness-of-fit on F2 1.071 
Final R indices [I > 2 (I)] R1 = 0.0254, wR2 = 0.0767 
R indices (all data) R1 = 0.0287, wR2 = 0.0911 




Table 5.2. Atomic coordinates ( 104) and equivalent isotropic displacement 
parameters (Å2  103) for 33. U(eq) is defined as one third of  the trace of the 
orthogonalized Uij tensor. 
 x y z U(eq) 
Ta(1) 6688(1) 2344(1) 3000(1) 18(1) 
Ta(2) 5639(1) 3529(1) 1805(1) 19(1) 
Ta(3) 385(1) 3161(1) 8089(1) 18(1) 
Ta(4) 1961(1) 3436(1) 6881(1) 18(1) 
Ta(5) 7047(1) 10479(1) 8126(1) 19(1) 
Ta(6) 7714(1) 9045(1) 6924(1) 18(1) 
N(1) 5620(3) 2644(3) 1256(2) 28(1) 
N(2) 4334(3) 4381(3) 1731(3) 26(1) 
N(3) 6051(3) 4384(3) 1257(2) 25(1) 
N(4) 7125(3) 2887(3) 3512(3) 29(1) 
N(5) 7778(3) 1128(3) 3056(2) 27(1) 
N(6) 5881(3) 1821(3) 3611(3) 29(1) 
N(7) 6955(3) 2512(3) 1916(2) 20(1) 
N(8) 5444(3) 3491(3) 2881(2) 21(1) 
N(9) 1583(3) 4583(3) 6354(2) 26(1) 
N(10) 2680(3) 2311(3) 6282(2) 26(1) 
N(11) 3206(3) 3328(3) 6823(3) 30(1) 
N(12) -495(3) 2672(3) 8178(2) 25(1) 
N(13) -662(3) 4226(3) 8642(2) 27(1) 
149 
 
Table 5.2. Continued 
 x y z U(eq) 
N(14) 1102(3) 2075(3) 8634(3) 31(1) 
N(15) 763(3) 3302(3) 7010(2) 23(1) 
N(16) 1438(3) 3518(3) 7958(2) 23(1) 
N(17) 6532(3) 11812(3) 8205(3) 26(1) 
N(18) 5777(3) 10665(3) 8676(2) 28(1) 
N(19) 7935(3) 10259(3) 8672(2) 26(1) 
N(20) 6793(3) 9638(3) 6326(3) 26(1) 
N(21) 9044(3) 8459(3) 6398(2) 25(1) 
N(22) 7646(3) 7921(3) 6867(2) 23(1) 
N(23) 7542(3) 10329(3) 7049(2) 22(1) 
N(24) 7424(3) 9124(3) 8003(2) 23(1) 
Si(1) 7979(1) 2059(1) 1216(1) 27(1) 
Si(2) 4578(1) 4222(1) 3580(1) 31(1) 
Si(3) 258(1) 3409(1) 6317(1) 31(1) 
Si(4) 1660(1) 3859(1) 8650(1) 27(1) 
Si(5) 7867(1) 10967(1) 6349(1) 31(1) 
Si(6) 7552(1) 8323(1) 8694(1) 27(1) 
C(1) 5919(5) 1711(4) 1449(4) 39(1) 
C(2) 5332(4) 2848(4) 567(3) 36(1) 
C(3) 3625(4) 4143(4) 1752(4) 36(1) 
C(4) 3919(4) 5349(4) 1684(4) 39(1) 
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Table 5.2. Continued 
 x y z U(eq) 
C(5) 6453(5) 4781(5) 1551(5) 52(2) 
C(6) 5929(5) 4741(5) 524(3) 39(2) 
C(7) 7231(5) 2654(4) 4265(3) 44(2) 
C(8) 7371(6) 3578(5) 3210(5) 52(2) 
C(9) 7807(5) 281(4) 3034(4) 41(2) 
C(10) 8682(4) 944(4) 3114(4) 36(1) 
C(11) 6043(4) 1292(4) 4274(3) 38(1) 
C(12) 5039(4) 1927(4) 3493(4) 40(2) 
C(13) 8545(5) 828(4) 1135(4) 51(2) 
C(14) 7792(4) 2496(4) 290(3) 36(1) 
C(15) 8798(4) 2370(5) 1344(3) 41(2) 
C(16) 4584(6) 5315(5) 3429(4) 57(2) 
C(17) 3399(4) 4431(6) 3632(4) 55(2) 
C(18) 4745(5) 3834(5) 4518(3) 47(2) 
C(19) 2091(5) 4713(4) 5610(3) 42(2) 
C(20) 780(4) 5415(4) 6642(4) 46(2) 
C(21) 3444(4) 2165(4) 5613(3) 42(2) 
C(22) 2528(5) 1551(4) 6403(4) 39(2) 
C(23) 4048(4) 2514(4) 6858(4) 49(2) 
C(24) 3400(4) 4060(4) 6767(4) 37(1) 
C(25) -241(4) 1735(4) 8166(4) 36(1) 
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Table 5.2. Continued 
 x y z U(eq) 
C(26) -1459(4) 3203(4) 8211(3) 32(1) 
C(27) -1251(5) 4222(4) 9379(3) 42(2) 
C(28) -951(4) 5123(4) 8364(4) 41(2) 
C(29) 2103(4) 1510(4) 8426(3) 36(1) 
C(30) 679(4) 1761(4) 9320(3) 35(1) 
C(31) 967(6) 3509(6) 5359(3) 54(2) 
C(32) 56(6) 2469(6) 6263(4) 55(2) 
C(33) -876(5) 4443(6) 6454(4) 57(2) 
C(34) 1372(5) 5054(4) 8487(3) 38(1) 
C(35) 945(5) 3769(5) 9597(3) 43(2) 
C(36) 2894(5) 3195(5) 8720(4) 45(2) 
C(37) 5603(4) 12504(4) 8199(4) 38(1) 
C(38) 7047(4) 12246(4) 8263(4) 36(1) 
C(39) 5213(4) 11188(4) 9361(3) 40(2) 
C(40) 5269(4) 10299(4) 8499(4) 37(1) 
C(41) 7683(5) 10584(4) 9417(3) 41(2) 
C(42) 8937(5) 9774(5) 8395(5) 55(2) 
C(43) 5956(4) 10510(4) 6444(4) 42(2) 
C(44) 6863(5) 9253(4) 5665(3) 41(2) 
C(45) 9408(5) 8086(4) 5646(3) 42(2) 
C(46) 9771(4) 8354(5) 6684(4) 47(2) 
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Table 5.2. Continued 
 x y z U(eq) 
C(47) 8407(4) 7020(3) 6810(3) 37(1) 
C(48) 6813(5) 7881(4) 6897(4) 43(2) 
C(49) 8848(6) 11038(6) 6493(5) 63(2) 
C(50) 8293(5) 10469(4) 5400(3) 47(2) 
C(51) 6925(6) 12111(4) 6293(4) 57(2) 
C(52) 7171(5) 8801(4) 9639(3) 38(1) 
C(53) 6865(5) 7754(4) 8767(4) 46(2) 




Table 5.3. Bond lengths (D) and angles () for 33
________________________________________________________________  
Ta(1)-N(4)  1.966(5) 
Ta(1)-N(7)  1.964(4) 
Ta(1)-N(6)  2.018(4) 
Ta(1)-N(5)  2.037(4) 
Ta(1)-N(8)  2.140(4) 
Ta(2)-N(8)  1.951(4) 
Ta(2)-N(3)  1.980(4) 
Ta(2)-N(1)  2.011(4) 
Ta(2)-N(2)  2.036(4) 
Ta(2)-N(7)  2.135(4) 
Ta(3)-N(15)  1.955(4) 
Ta(3)-N(13)  1.979(4) 
Ta(3)-N(14)  2.008(5) 
Ta(3)-N(12)  2.047(4) 
Ta(3)-N(16)  2.146(4) 
Ta(4)-N(16)  1.950(4) 
Ta(4)-N(9)  1.972(4) 
Ta(4)-N(10)  2.020(4) 
Ta(4)-N(11)  2.045(5) 
Ta(4)-N(15)  2.144(4) 
Ta(5)-N(23)  1.951(4) 
Ta(5)-N(19)  1.967(4) 
Ta(5)-N(18)  2.007(4) 
Ta(5)-N(17)  2.044(4) 
Ta(5)-N(24)  2.144(4) 
Ta(6)-N(24)  1.953(4) 
Ta(6)-N(21)  1.979(4) 
Ta(6)-N(20)  2.003(4) 
Ta(6)-N(22)  2.043(4) 
Ta(6)-N(23)  2.149(4) 
N(1)-C(1)  1.462(7) 
N(1)-C(2)  1.466(7) 
N(2)-C(4)  1.469(7) 
N(2)-C(3)  1.472(7) 
N(3)-C(5)  1.457(8) 
N(3)-C(6)  1.459(7) 
N(4)-C(8)  1.451(8) 
N(4)-C(7)  1.459(8) 
N(5)-C(9)  1.459(7) 
N(5)-C(10)  1.475(7) 
N(6)-C(11)  1.448(7) 




N(7)-Si(1)  1.734(4) 
N(8)-Si(2)  1.739(4) 
N(9)-C(20)  1.453(7) 
N(9)-C(19)  1.463(7) 
N(10)-C(22)  1.447(7) 
N(10)-C(21)  1.466(7) 
N(11)-C(24)  1.456(7) 
N(11)-C(23)  1.456(8) 
N(12)-C(26)  1.441(7) 
N(12)-C(25)  1.466(7) 
N(13)-C(28)  1.448(7) 
N(13)-C(27)  1.452(6) 
N(14)-C(30)  1.452(7) 
N(14)-C(29)  1.463(7) 
N(15)-Si(3)  1.731(5) 
N(16)-Si(4)  1.731(5) 
N(17)-C(37)  1.459(7) 
N(17)-C(38)  1.466(7) 
N(18)-C(40)  1.453(8) 
N(18)-C(39)  1.470(7) 
N(19)-C(41)  1.455(7) 
N(19)-C(42)  1.460(8) 
 
N(20)-C(44)  1.455(7) 
N(20)-C(43)  1.476(7) 
N(21)-C(46)  1.445(8) 
N(21)-C(45)  1.471(7) 
N(22)-C(47)  1.458(7) 
N(22)-C(48)  1.468(8) 
N(23)-Si(5)  1.733(4) 
N(24)-Si(6)  1.731(4) 
Si(1)-C(15)  1.846(7) 
Si(1)-C(14)  1.853(6) 
Si(1)-C(13)  1.872(7) 
Si(2)-C(18)  1.851(6) 
Si(2)-C(17)  1.867(7) 
Si(2)-C(16)  1.887(7) 
Si(3)-C(32)  1.861(7) 
Si(3)-C(33)  1.869(7) 
Si(3)-C(31)  1.886(6) 
Si(4)-C(35)  1.870(6) 
Si(4)-C(34)  1.882(6) 
Si(4)-C(36)  1.901(7) 
Si(5)-C(51)  1.859(7) 




Si(5)-C(50)  1.883(6) 
Si(6)-C(54)  1.844(7) 
Si(6)-C(53)  1.861(7) 























































































































































































Symmetry transformations used to generate equivalent atoms:
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Table 5.4. Anisotropic displacement parameters (D2  103) for 33. The 
anisotropic displacement factor exponent takes the form: -2π[h2a*2U11 +…+ 
2ha*b*U12] 
 U11 U22 U33 U23 U13 U12 
Ta(1) 17(1)  18(1) 19(1)  3(1) -6(1)  -9(1) 
Ta(2) 18(1)  19(1) 18(1)  2(1) -6(1)  -9(1) 
Ta(3) 18(1)  20(1) 16(1)  -1(1) -3(1)  -9(1) 
Ta(4) 17(1)  18(1) 19(1)  -2(1) -2(1)  -9(1) 
Ta(5) 20(1)  18(1) 19(1)  -2(1) -6(1)  -8(1) 
Ta(6) 20(1)  16(1) 18(1)  -1(1) -7(1)  -7(1) 
N(1) 34(3)  29(2) 24(2)  1(2) -11(2)  -16(2) 
N(2) 20(2)  26(2) 32(2)  6(2) -12(2)  -11(2) 
N(3) 23(2)  29(2) 28(2)  13(2) -17(2)  -15(2) 
N(4) 35(3)  24(2) 31(2)  5(2) -16(2)  -14(2) 
N(5) 26(2)  20(2) 31(2)  5(2) -7(2)  -11(2) 
N(6) 30(2)  31(2) 29(2)  12(2) -10(2)  -18(2) 
N(7) 14(2)  28(2) 20(2)  2(2) -7(2)  -10(2) 
N(8) 14(2)  31(2) 16(2)  2(2) -7(2)  -8(2) 
N(9) 22(2)  21(2) 29(2)  1(2) 1(2)  -9(2) 
N(10) 21(2)  24(2) 29(2)  -9(2) 0(2)  -10(2) 
N(11) 23(2)  27(2) 40(3)  -5(2) -1(2)  -15(2) 
N(12) 21(2)  25(2) 31(2)  -3(2) -1(2)  -14(2) 
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Table 5.4. Continued 
 U11 U22 U33 U23 U13 U12 
N(13) 24(2)  27(2) 26(2)  -7(2) 4(2)  -14(2) 
N(14) 29(2)  21(2) 33(2)  3(2) 2(2)  -12(2) 
N(15) 24(2)  27(2) 21(2)  -2(2) -4(2)  -15(2) 
N(16) 24(2)  22(2) 22(2)  -1(2) -4(2)  -12(2) 
N(17) 23(2)  20(2) 33(2)  -4(2) -7(2)  -8(2) 
N(18) 20(2)  31(2) 29(2)  -4(2) -4(2)  -10(2) 
N(19) 25(2)  28(2) 27(2)  -5(2) -15(2)  -9(2) 
N(20) 23(2)  25(2) 31(2)  -4(2) -19(2)  -4(2) 
N(21) 21(2)  26(2) 26(2)  -5(2) -4(2)  -9(2) 
N(22) 24(2)  22(2) 29(2)  0(2) -18(2)  -10(2) 
N(23) 28(2)  23(2) 20(2)  0(2) -7(2)  -14(2) 
N(24) 26(2)  19(2) 25(2)  0(2) -5(2)  -12(2) 
Si(1) 20(1)  29(1) 24(1)  -2(1) -1(1)  -8(1) 
Si(2) 25(1)  31(1) 23(1)  -4(1) -2(1)  -4(1) 
Si(3) 33(1)  50(1) 20(1)  0(1) -9(1)  -26(1) 
Si(4) 32(1)  30(1) 24(1)  -1(1) -9(1)  -18(1) 
Si(5) 44(1)  25(1) 24(1)  4(1) -7(1)  -20(1) 
Si(6) 36(1)  24(1) 22(1)  6(1) -10(1)  -16(1) 
C(1) 44(4)  29(3) 53(4)  -3(3) -17(3)  -19(3) 
C(2) 39(3)  48(3) 33(3)  1(2) -22(3)  -22(3) 
C(3) 19(3)  48(4) 48(4)  5(3) -19(3)  -17(3) 
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Table 5.4. Continued 
 U11 U22 U33 U23 U13 U12 
C(4) 35(3)  27(3) 44(3)  5(2) -15(3)  -6(2) 
C(5) 58(4)  54(4) 72(5)  28(4) -40(4)  -41(4) 
C(6) 44(4)  55(4) 30(3)  21(3) -23(3)  -30(3) 
C(7) 60(4)  41(3) 34(3)  2(3) -18(3)  -23(3) 
C(8) 66(5)  45(4) 78(5)  19(3) -50(4)  -39(4) 
C(9) 41(3)  26(3) 51(4)  4(3) -15(3)  -12(3) 
C(10) 18(3)  44(3) 44(3)  9(3) -20(2)  -9(2) 
C(11) 39(3)  48(4) 31(3)  22(3) -15(3)  -25(3) 
C(12) 26(3)  50(4) 51(4)  18(3) -18(3)  -25(3) 
C(13) 41(4)  32(3) 50(4)  -7(3) 8(3)  -4(3) 
C(14) 30(3)  52(4) 26(3)  -3(2) -7(2)  -18(3) 
C(15) 27(3)  60(4) 34(3)  2(3) -6(3)  -22(3) 
C(16) 64(5)  38(4) 57(4)  -15(3) -8(4)  -17(3) 
C(17) 23(3)  92(6) 32(3)  -7(3) -5(3)  -12(3) 
C(18) 37(3)  62(4) 24(3)  -9(3) -10(3)  -7(3) 
C(19) 43(4)  45(4) 28(3)  10(2) -4(3)  -21(3) 
C(20) 33(3)  25(3) 58(4)  2(3) 1(3)  -7(2) 
C(21) 41(4)  39(3) 37(3)  -16(3) 13(3)  -22(3) 
C(22) 45(4)  33(3) 39(3)  -11(2) 2(3)  -23(3) 
C(23) 28(3)  40(4) 66(5)  -9(3) -10(3)  -6(3) 
C(24) 32(3)  41(3) 45(3)  -2(3) -6(3)  -26(3) 
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Table 5.4. Continued 
 U11 U22 U33 U23 U13 U12 
C(25) 34(3)  30(3) 44(3)  -5(2) -2(3)  -19(2) 
C(26) 24(3)  46(3) 34(3)  1(2) -11(2)  -21(2) 
C(27) 43(4)  42(3) 27(3)  -9(2) 12(3)  -19(3) 
C(28) 37(3)  25(3) 47(4)  -3(2) 1(3)  -10(2) 
C(29) 32(3)  30(3) 37(3)  5(2) -15(3)  -6(2) 
C(30) 42(3)  42(3) 26(3)  12(2) -18(3)  -22(3) 
C(31) 70(5)  91(6) 20(3)  1(3) -3(3)  -58(5) 
C(32) 72(5)  85(6) 40(4)  -5(4) -13(4)  -61(5) 
C(33) 37(4)  72(5) 51(4)  8(4) -18(3)  -18(4) 
C(34) 46(4)  38(3) 40(3)  -7(3) -11(3)  -26(3) 
C(35) 68(5)  58(4) 16(2)  -1(2) -16(3)  -37(4) 
C(36) 44(4)  45(4) 48(4)  2(3) -15(3)  -21(3) 
C(37) 35(3)  24(3) 49(4)  3(2) -20(3)  -7(2) 
C(38) 36(3)  28(3) 49(4)  -2(2) -16(3)  -17(2) 
C(39) 36(3)  46(4) 31(3)  -11(3) 1(3)  -15(3) 
C(40) 30(3)  41(3) 45(3)  -2(3) -12(3)  -19(3) 
C(41) 50(4)  46(4) 29(3)  -5(3) -23(3)  -15(3) 
C(42) 33(4)  58(4) 69(5)  -27(4) -14(3)  -10(3) 
C(43) 37(3)  28(3) 50(4)  -4(3) -26(3)  1(3) 
C(44) 60(4)  33(3) 29(3)  -1(2) -30(3)  -12(3) 
C(45) 42(4)  42(3) 32(3)  -13(3) 3(3)  -16(3) 
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Table 5.4. Continued 
 U11 U22 U33 U23 U13 U12 
C(46) 29(3)  61(4) 50(4)  -15(3) -14(3)  -15(3) 
C(47) 48(4)  20(3) 34(3)  -4(2) -6(3)  -10(2) 
C(48) 44(4)  42(4) 59(4)  6(3) -22(3)  -29(3) 
C(49) 76(6)  79(6) 59(5)  2(4) -3(4)  -64(5) 
C(50) 68(5)  40(3) 23(3)  6(2) -3(3)  -25(3) 
C(51) 83(6)  31(3) 41(4)  9(3) -12(4)  -21(4) 
C(52) 54(4)  37(3) 26(3)  5(2) -12(3)  -24(3) 
C(53) 72(5)  42(4) 33(3)  9(3) -9(3)  -39(4) 




Table 5.5. Hydrogen coordinates ( 104) and isotropic displacement parameters 
(Å2  103) for 33. 
 x  y  z  U(eq) 
H(1A) 5388 1605 1589 59 
H(1B) 6190 1559 1869 59 
H(1C) 6380 1344 1020 59 
H(2A) 5850 2478 163 54 
H(2B) 5136 3473 439 54 
H(2C) 4817 2730 640 54 
H(3A) 3087 4439 2172 54 
H(3B) 3875 3501 1809 54 
H(3C) 3441 4331 1287 54 
H(4A) 3745 5553 1216 58 
H(4B) 4366 5528 1701 58 
H(4C) 3370 5613 2104 58 
H(5A) 7096 4577 1263 78 
H(5B) 6427 4608 2074 78 
H(5C) 6106 5427 1515 78 
H(6A) 5502 5377 563 59 
H(6B) 5679 4446 334 59 
H(6C) 6526 4638 182 59 
H(7A) 7871 2453 4255 66 
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Table 5.5. Continued 
 x  y  z  U(eq) 
H(7B) 7076 2178 4458 66 
H(7C) 6819 3173 4587 66 
H(8A) 6973 4101 3529 78 
H(8B) 7290 3733 2707 78 
H(8C) 8016 3366 3190 78 
H(9A) 8347 -89 2643 61 
H(9B) 7246 382 2927 61 
H(9C) 7846 -18 3516 61 
H(10A) 8774 655 3592 54 
H(10B) 8702 1501 3082 54 
H(10C) 9171 555 2707 54 
H(11A) 5539 1608 4708 58 
H(11B) 6628 1183 4339 58 
H(11C) 6073 727 4224 58 
H(12A) 5117 1344 3425 59 
H(12B) 4918 2291 3049 59 
H(12C) 4519 2215 3928 59 
H(13A) 8855 547 1531 77 
H(13B) 8998 642 649 77 
H(13C) 8077 650 1184 77 
H(14A) 7296 2424 221 55 
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Table 5.5. Continued 
 x  y  z  U(eq) 
H(14B) 8360 2171 -98 55 
H(14C) 7621 3125 258 55 
H(15A) 8520 3016 1349 61 
H(15B) 9364 2130 935 61 
H(15C) 8947 2129 1818 61 
H(16A) 5205 5217 3379 85 
H(16B) 4149 5702 3854 85 
H(16C) 4400 5595 2974 85 
H(17A) 3249 4694 3162 83 
H(17B) 2949 4837 4042 83 
H(17C) 3379 3871 3718 83 
H(18A) 4792 3245 4610 70 
H(18B) 4219 4247 4894 70 
H(18C) 5312 3806 4547 70 
H(19A) 1712 4879 5264 63 
H(19B) 2663 4163 5442 63 
H(19C) 2237 5184 5624 63 
H(20A) 959 5880 6562 69 
H(20B) 527 5354 7176 69 
H(20C) 312 5574 6382 69 
H(21A) 3984 1601 5658 63 
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Table 5.5. Continued 
 x  y  z  U(eq) 
H(21B) 3594 2647 5557 63 
H(21C) 3263 2149 5175 63 
H(22A) 2441 1434 5951 58 
H(22B) 1978 1670 6817 58 
H(22C) 3064 1034 6523 58 
H(23A) 4521 2428 6385 73 
H(23B) 3922 2013 6950 73 
H(23C) 4268 2554 7263 73 
H(24A) 3585 4063 7207 55 
H(24B) 2846 4619 6739 55 
H(24C) 3901 3992 6318 55 
H(25A) -528 1564 8652 54 
H(25B) 431 1375 8055 54 
H(25C) -455 1641 7781 54 
H(26A) -1564 3122 7754 48 
H(26B) -1646 3828 8260 48 
H(26C) -1823 3022 8641 48 
H(27A) -1254 4605 9709 63 
H(27B) -1018 3618 9578 63 
H(27C) -1880 4442 9349 63 
H(28A) -1536 5350 8241 62 
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Table 5.5. Continued 
 x  y  z  U(eq) 
H(28B) -481 5129 7916 62 
H(28C) -1033 5497 8746 62 
H(29A) 2347 1491 8835 54 
H(29B) 2382 1750 7979 54 
H(29C) 2250 911 8325 54 
H(30A) 861 1139 9265 52 
H(30B) 7 2116 9430 52 
H(30C) 884 1817 9729 52 
H(31A) 996 4061 5323 81 
H(31B) 682 3511 4984 81 
H(31C) 1592 3006 5270 81 
H(32A) 648 1928 6132 82 
H(32B) -268 2596 5883 82 
H(32C) -320 2389 6747 82 
H(33A) -1246 4467 6969 85 
H(33B) -1203 4447 6114 85 
H(33C) -772 4958 6353 85 
H(34A) 1748 5119 7998 56 
H(34B) 1500 5251 8875 56 
H(34C) 718 5414 8504 56 
H(35A) 299 4216 9649 64 
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Table 5.5. Continued 
 x  y  z  U(eq) 
H(35B) 1165 3867 9976 64 
H(35C) 995 3179 9663 64 
H(36A) 3082 2563 8738 68 
H(36B) 2934 3361 9174 68 
H(36C) 3302 3319 8285 68 
H(37A) 5307 12840 8663 56 
H(37B) 5242 12235 8153 56 
H(37C) 5637 12903 7776 56 
H(38A) 7128 12589 7809 54 
H(38B) 7652 11798 8326 54 
H(38C) 6704 12643 8693 54 
H(39A) 4647 11690 9272 61 
H(39B) 5562 11406 9509 61 
H(39C) 5054 10815 9759 61 
H(40A) 5112 9951 8923 56 
H(40B) 5651 9917 8061 56 
H(40C) 4703 10781 8393 56 
H(41A) 7985 10091 9735 62 
H(41B) 7013 10854 9624 62 
H(41C) 7882 11027 9392 62 
H(42A) 9201 10130 8466 83 
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Table 5.5. Continued 
 x  y  z  U(eq) 
H(42B) 9109 9652 7863 83 
H(42C) 9175 9215 8668 83 
H(43A) 5990 10875 5997 63 
H(43B) 5912 10802 6868 63 
H(43C) 5412 10431 6546 63 
H(44A) 6296 9226 5727 61 
H(44B) 7389 8654 5592 61 
H(44C) 6952 9619 5230 61 
H(45A) 9674 8426 5298 63 
H(45B) 8907 8114 5489 63 
H(45C) 9886 7468 5652 63 
H(46A) 10232 7727 6673 71 
H(46B) 9512 8568 7198 71 
H(46C) 10064 8695 6376 71 
H(47A) 8273 6681 7251 56 
H(47B) 8975 7033 6777 56 
H(47C) 8486 6741 6363 56 
H(48A) 6910 7603 6442 65 
H(48B) 6291 8481 6936 65 
H(48C) 6681 7532 7331 65 
H(49A) 8654 11313 6975 95 
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Table 5.5. Continued 
 x  y  z  U(eq) 
H(49B) 9033 11395 6094 95 
H(49C) 9370 10442 6485 95 
H(50A) 8856 9902 5374 71 
H(50B) 8427 10871 5020 71 
H(50C) 7820 10376 5311 71 
H(51A) 6402 12087 6220 86 
H(51B) 7148 12423 5873 86 
H(51C) 6727 12425 6756 86 
H(52A) 7594 9002 9673 57 
H(52B) 7174 8348 10020 57 
H(52C) 6547 9303 9719 57 
H(53A) 6211 8191 8861 69 
H(53B) 6956 7326 9178 69 
H(53C) 7068 7445 8300 69 
H(54A) 8999 7242 8016 64 
H(54B) 8844 7002 8884 64 




4f The dative d-p  bond in the latter makes the Ta=NCMe3 
bond essentially a triple bond. The Ta•••Ta distance of 3.166 Å in 33 is much 
longer than a typical Ta-Ta bond length of, for example, 2.621(1) Å in {Ta(-
NSiMe3)[N(SiMe3)2]Cl}2,
10 suggesting that 33 is best described as a Ta(V) 
complex with no metal-metal bond. 
There have been few kinetic studies of the α-SiMe3 abstraction or 
migration reactions.1-5,12 Kinetics of the α-SiMe3 abstraction in 30 was 
investigated. The disappearance of 30 follows first-order kinetics, as shown in the 
ln(C/C0) vs t plots (Figure 5.2) that yield rate constants in Table 5.6. The Eyring 
plot (Figure 5.2) gives the activation parameters: H = 21.3(1.0) kcal/mol and 
S = –17(2) eu. The “SiMe3+” group often behaves like a proton and can be 
readily cleaved.12 Its steric effect is not large, as the SiMe3 group is relatively far 
from the rest of the molecule.12c The cleavage of a Si-C bond is usually faster 
than that of the corresponding H-C bond.12 There have been kinetic studies of 
the α-H/D abstraction in, e.g., Ta(CH2SiMe3)5 and Ta(CD2CMe3)5 to give M=C 
bonds.13,14 Ta(CH2EMe3)5 (E = C, Si) and Ta(NMe2)4[N(SiMe3)2] (30) are very 
different compounds. The hybridization of the α-C atoms in Ta(CH2EMe3)5 and 
the α-N atoms in 30 is sp3 and sp2, respectively. It is thus not valid to directly 
compare the activation parameters in the α-H/D and α-SiMe3 abstraction. It is, 
however, interesting to note that the H value here is similar to those in α-H 
abstraction.13b,c,14 The negative S value is consistent with the concerted 
transition state A (Scheme 5.4) where bond rotations are restricted. The value is 
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Figure 5.2. (Top) Kinetic plots of the α-SiMe3 abstraction in 30. (Bottom) Eyring 





Table 5.6. Rate constants for the α-SiMe3 abstraction in 30
a 
 










a The total uncertainty k/k of 0.074 was calculated from kran/k = 0.055 and 
ksys/k = 0.05.  
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A is significant. The SiMe3 groups and NMe2 ligands in 31 are fairly far apart. In 
addition, only two SiMe3 groups are available for the abstraction. In comparison, 
any of the eight α-H/D atoms are available for abstraction per alkyl ligand in 
Ta(CH2SiMe3)5 and Ta(CD2CMe3)5.
14 Thus the α-H/D abstraction is statistically 
more favored, yielding smaller S values.13c,14  The large, negative S in the 
current work leads to a high kinetic barrier in the formation of 32. 
In the formation of 31 and 32 from the thermolysis of 30, a Ta-NMe2 and a 
N-SiMe3 bond are cleaved, and the  bond in Ta=NSiMe3 and the Si-N bond in 
Me3Si-NMe2 (31) are formed (Scheme 5.5). Bond energies in 30 and 33 are 
unknown.15  Breaking of the Si-N bond in 30 is probably compensated by the Si-
N bond formed in Me3Si-NMe2 (31).
15a Marks et al. found that in 
(Me3SiCH2)3Ta=CHSiMe3, D(Ta=C) = 126(4) kcal/mol vs. D(Ta-C)av = 67(1) 
kcal/mol.16 If D(Ta=N)  2D(Ta-NMe2) in 33, the enthalpy change H  0 is 
expected for the thermolysis of 30.  The thermolysis is then likely entropically 





Scheme 5.5. Bonds cleaved and formed in the thermolysis of 30. 
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 Formation of the guanidinates 34 and 35 when 30 was heated in the 
presence of CyN=C=NCy supports the presence of 32 as an intermediate. The 
carbodiimide captures 32 by inserting into a Ta-NMe2 bond, forming 34, followed 
by another insertion to give 35.  When 2 equiv of CyN=C=NCy were added to a 
solution of 33, 35 formed in a few minutes, suggesting that perhaps 33 is in an 
equilibrium with the monomer 32, although 32 has not been directly observed 
(Scheme 5.4). Characterization of 34 and 35 as well as earlier studies of 
thermolysis of 30 to give 31-33 have been reported elsewhere.6 
 
5.3. Concluding Remarks 
A new type of intramolecular imidation was observed when 
Ta(NMe2)4[N(SiMe3)2] (30) was heated between temperatures 70-110 C. The α-
SiMe3 group in 30 was abstracted by an amide ligand to give an imide ligand. 
The α-SiMe3 abstraction in 30 was found to follow first order kinetics. This proved 
that the amide ligand, like the chloride and oxo ligand, is capable of bringing 
about α-SiMe3 abstraction to form a new M=N π bond in the imide ligand. 
 
5.4. Experimental Section 
All manipulations were performed under a dry nitrogen atmosphere with 
the use of either a drybox or standard Schlenk techniques. Toluene was dried 
over potassium/benzophenone, distilled, and stored under nitrogen. Benzene-d6 
and toluene-d8 were dried over activated molecular sieves and stored under 
nitrogen. Benzene-d6 was used in the identification of complexes after their 
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syntheses. For the mechanistic studies, benzene-d6 containing SiMe4 was used. 
Toluene-d8 was used in all variable-temperature and 2-D NMR studies. TaCl5 
(Strem) was sublimed before use. LiNMe2 (Aldrich), LiN(SiMe3)2 (Aldrich), and 
RN=C=NR (R = Cy, Pri) (Acros) were used as received. Ta(NMe2)4[N(SiMe3)2] 
(30) was prepared from TaCl(NMe2)4 (29) and LiN(SiMe3)2 by a literature 
procedure.9c Caution: TaCl(NMe2)4 (29) has been prepared from a solid mixture 
of TaCl5 and LiNMe2.
9c This solid mixture was found to be explosive at times.17,18 
An improved procedure adding a suspension of LiNMe2 in hexanes to a 
suspension of TaCl5 in hexanes was developed in the current work and is 
detailed below. TaCl3(=NSiMe3)(py)2 (36)
4g was prepared according to a 
literature procedure. NMR spectra were recorded on a Bruker AMX-400 Fourier 
transform spectrometer unless otherwise noted, and were referenced to solvents. 
Elemental analyses were conducted via Complete Analysis Laboratories, Inc., 
Parsippany, NJ. 
 
5.4.1. Improved Synthesis of TaCl(NMe2)4 (29) from TaCl5 and LiNMe2 
LiNMe2 (4.363 g, 85.52 mmol) slurry in hexanes (100 mL) in a Schlenk 
flask was added dropwise to a suspension of TaCl5 (7.660 g, 21.38 mmol) in 
hexanes (100 mL) in a Schlenk flask at -55 C with vigorous stirring. Cole-Parmer 
PTFE (polytetrafluoroethylene) tubing [1/16" inner diameter (ID) x 1/8" outside 
diameter (OD)] was used to transfer the LiNMe2 slurry. The mixture was allowed 
to warm up to room temperature slowly, and was then refluxed at 72 C for 22 h. 
The deep brown solution was filtered and the residue was extracted with 
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hexanes for 3 times (3 x 60 mL). Caution: (1) If the reaction has failed to occur, 
the reaction mixture containing unreacted TaCl5 and LiNMe2 may be explosive - 
Such failed reaction has not occurred in our studies reported here; (2) We 
suggest that the reaction be conducted at a scale no larger than that given here. 
Volatiles were removed from the filtrate in vacuo, and subsequent sublimation at 
85 C yielded 5.567 g (14.18 mmol, 66%) of yellow crystalline TaCl(NMe2)4 (29). 
 
5.4.2. Thermal Conversion of Ta(NMe2)4[N(SiMe3)2] (30) and Observation of 
[Ta(NMe2)3(=NSiMe3)]2 (33) and Me3Si-NMe2 (31) 
Ta(NMe2)4[N(SiMe3)2] (30, 21.5 mg, 0.042 mmol) and toluene-d8 were 
added to a J. Young NMR tube. The tube was heated at 86 C for a total of 50 h. 
1H NMR spectra were taken at 40 min, 2 h, 24 h, and 50 h. In another test, 
Ta(NMe2)4[N(SiMe3)2] (30, 20 mg, 0.039 mmol) and toluene-d8 were added to a 
J. Young NMR tube. The tube was heated at 85 C for a total of 2 h. 1H NMR 
spectrum was taken at 30 min. 1H, 13C{1H}, and 29Si{1H} NMR spectra were then 
taken at 2 h. 33 is thermally unstable, and the heating to convert 30 to 32 also 
led to the decomposition of 33 to unknown species. The assignment of 31 in the 
NMR spectra was based on comparison with those of the authentic sample of 31 
obtained commercially. The assignment of 33 was based on the comparison of 
the NMR with those of 33 prepared from TaCl3(=NSiMe3)(py)2 (36)





5.4.3. Preparation of [Ta(NMe2)3(=NSiMe3)]2 (33) from TaCl3(=NSiMe3)(py)2 
(36) and LiNMe2 
At 0 C, 3 equiv of LiNMe2 (0.934 g, 18.3 mmol) in toluene (30 mL) was 
added TaCl3(=NSiMe3)(py)2 (36, 3.25 g, 6.10 mmol) in toluene (30 mL). The 
mixture was stirred at 23 C for 18 h. The solution was filtered, and the solid was 
washed with toluene. The volume of the filtrate was reduced by vacuo evacuation 
until a crystalline solid of 33 precipitated. The solid (1.06 g, 2.65 mmol, 43% 
yield) was dissolved in petroleum ether, and recrystallization at -21 C gave 
yellow crystals of 33. 1H NMR (benzene-d6, 400.2 MHz, 23 C) δ 3.29 (NMe2), 
0.20 (=NSiMe3); 
13C{1H} NMR (benzene-d6, 100.6 MHz, 23 C) δ 47.96 (NMe2), 
6.01 (=NSiMe3); 
29Si NMR (benzene-d6, 79.5 MHz, 23 C) δ -0.27 (=NSiMe3); 1H 
NMR (toluene-d8, 400.2 MHz, 23 C) δ 3.29 (NMe2), 0.17 (=NSiMe3); 13C{1H} 
NMR (toluene-d8, 100.6 MHz, 23 C) δ 48.01 (NMe2), 6.06 (=NSiMe3); 29Si{1H} 
NMR (toluene-d8, 79.5 MHz, 23 C) δ -0.27 (=NSiMe3). Anal. Calcd for 
C18H54N8Si2Ta2: C, 27.00; H, 6.80; N 13.99. Found: C, 26.78; H, 6.69; N, 13.88. 
 
5.4.4. Kinetic Studies of the α-SiMe3 Abstraction in 30 
Caution: (1) New NMR tubes should be used for the kinetic studies here; 
(2) Only the bottom portion of the tube containing the solution should be inserted 
in the hot oil, and the top portion containing the head space should be kept in air; 




At least two separate experiments were performed at each temperature 
studied to give the random uncertainty. For a typical kinetic run, 30 (ca. 15 mg, 
0.029 mmol) and the internal standard SiMePh3 (6.0 mg) were dissolved in 
toluene-d8 (0.51 mL) in a Young’s NMR tube to give a solution of 30 with a 
concentration of ca. 0.057 M. The NMR tube was then placed in an oil bath pre-
heated to the set temperature to start the kinetic process. After heating for a 
certain amount of time, the NMR tube was removed from the oil bath and 
immediately placed inside an ice-water bath to quench the reaction. No 
decomposition of 30 at or below room temperature was observed. 
The maximum random uncertainty in the rate constants of all 
temperatures was combined with the estimated systematic uncertainty, ca. 5%, 
from the NMR measurements (Table 5.6). The total uncertainties in the rate 
constants were used in the Eyring plot in Figure 5.2 and error propagation 
calculations. The estimated uncertainty in the temperature measurements for the 
oil bath was 1 K. The uncertainties in H and S were computed from the 
following error propagation formulas (Eqs. 5.1 and 5.2), which were derived from 
the Eyring equation Rln(kh/kbT) = -H/T + S.19 
 
(H)2 = R2Tmax2Tmin2/T2{(T/T)2[(1 + TminL/T)2 +  
(1 + TmaxL/T)2] + 2(k/k)2}     (Eq. 5.1) 
(S)2 = R2/T2{(T/T)2[Tmax2(1 + TminL/T)2 + Tmin2(1 + 
TmaxL/T)2] + (k/k)2(Tmax2 + Tmin2)}    (Eq. 5.2) 
where L = [ln(kmax/Tmax) - ln(kmin/Tmin)] and T = (Tmax - Tmin). 
181 
 
5.4.5. X-ray Diffraction Studies of 33 
The data for the X-ray crystal structure of 33 were collected on a Bruker-
AXS Smart APEX II diffractometer fitted with a Nicolet LT-2 low temperature 
device. The data was obtained by a graphite-monochromated Mo source (K 
radiation, 0.71073 Å). A suitable crystal was selected and coated with paratone 
oil (Exxon) and mounted on a loop under a stream of nitrogen. The data for 33 
was collected at –105(2) C. The structure was solved by the direct method. Non-
hydrogen atoms were anisotropically refined. All hydrogen atoms were treated as 
idealized contributions. Empirical absorption correction was performed with 
SADABS.20 In addition the global refinements for the unit cells and data 
reductions of the structure were performed using the Saint program (version 
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This dissertation focused on the following two chemistries: (a) Reactions 
of Group 4 amide guanidinates with O2 or H2O; (2) Formation of a Ta imide 
complex through an unusual elimination reaction. The reactions of 
(R2N)2M[
iPrNC(NR2)N
iPr]2 [M = Zr, R = Me, 10; M = Zr, R = Et, 11; M = Hf, R = 
Me, 8) with O2 were investigated, including kinetics of the reaction between 10 
and O2. Reactions of 10 and 11 with H2O were also studied. In addition, the 
reaction of (Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) with CCl4 was found to lead to an 
NMe2-Cl exchange, giving Zr(Cl)(NMe2)[
iPrNC(NMe2)N
iPr]2 (27) and later 
ZrCl2[
iPrNC(NMe2)N
iPr]2 (28). We also studied rarely observed elimination of 
Me3Si-NMe2 (31) from Ta(NMe2)4[N(SiMe3)2] (30), converting the amide 
N(SiMe3)2 ligand to the imide =NSiMe3 ligand. Kinetics of the α-SiMe3 abstraction 
in 30 were investigated. 
In Part 2, modified syntheses and characterization of Group 4 amide 
guanidinates were presented. (Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) was prepared 
via two different routes: metathesis and insertion. In the metathesis, a proton 
abstracts an amide ligand to release HNMe2. In the insertion reaction, 
carbodiimide inserts into the Zr-amide bonds. 10 was characterized via 1H and 
13C{1H} NMR spectroscopies and elemental analysis. 
(Me2N)2Hf[
iPrNC(NMe2)N
iPr]2 (8) was prepared via the insertion route. 
(Et2N)2Zr[
iPrNC(NEt2)N
iPr]2 (11) was also prepared via the insertion route, and 
characterized by 1H and 13C{1H} NMR spectroscopies and elemental analysis. 11 
revealed interesting structural features which were studied by various 2-D NMR 
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techniques such as COSY, HSQC, HMBC, NOESY, and EXSY. 10, 11 and 8 
were prepared mainly for studying their reactions in Part 3. 
In Part 3, studies of the reactivities of the Zr and Hf amide guanidinates 8, 
10 and 11 towards O2 and water were reported. Interestingly, the reaction of 10 
with O2 and water yielded the same oxo-bridging compound 13. The reactions 
with H2O were much faster than that with O2. Kinetics of the reaction between 
(Me2N)2Zr[
iPrNC(NMe2)N
iPr]2 (10) and O2 at 80–110 C were studied using an 
experimental set–up to keep a constant flow of O2 at 1 atm. The pseudo first–
order reaction was slow with a half-life of 213(1) min at 85 C. The activation 
parameters ∆H≠ = 8.7(1.1) kcal/mol, ∆S≠ = -54(3) eu, and ∆G≠358K = 28(2) 
kcal/mol suggest that entropy was a larger contributor to the activation barrier. 
Detailed MS studies were also conducted for the characterization of products 
obtained from reaction with water in air. 
CCl4 has been used in various reactions as a radical trap. In Part 4, it was 
essential to first make sure that CCl4 did not directly react with reactants apart 
from the radical processes. It was not surprising to discover that CCl4 in fact 
reacts with 10, first replacing one amide ligand with a chloride ligand to form 27 
and then replacing the second amide ligand to form 28. 27 is a new compound, 
and it was prepared from direct insertion reaction between ZrCl(NMe2)3 and 2 
equiv of diisopropyl carbodiimide. 
In Part 5, a new type of intramolecular imidation was observed when 
Ta(NMe2)4[N(SiMe3)2] (30) was heated between temperatures 70-110 C. The α-
SiMe3 group in 30 was abstracted by an amide ligand to give an imide ligand. 
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The α-SiMe3 abstraction in 30 was found to follow first order kinetics. This proved 
that the amide ligand, like the chloride and oxo ligand, is capable of bringing 
about α-SiMe3 abstraction to form a new M=N π bond in the imide ligand. 
Future work will focus on the reactions of O2 with M(NEt2)n and M(NMeEt)n 
complexes. Also, the use of radical traps to confirm the presence of radicals in 
the reactions with O2 will be studied. Reactions of H2O with metal complexes will 
also be interesting to study. Theoretical studies will help to understand the 
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